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INTRODUCTION 
Unlike small organic compounds, most of synthetic polymers 
arc inherently heterogeneous in the molecular level: heteroge-
neous in molecular weight [i.e., involving a moleculElr weight 
distribution (MWD)J and heterogeneous in structure in 
solid state, where crystalline and amorphous domains coexist in 
varying properties. Depending on which of the two domains 
predominates, therefore, polymers are designated as either 
"crystalline" or "amorphous". 
Among the various properties of polymer materials, thermal 
properties arc the most important and often critical 1 n both 
processing stages and end uses. •> Polymers undergo various 
phase transitions, such as melting and glassy-rubbery transi-
t! ons. Importantly, the phase-trans i tlon phenomena and the 1 r 
onset temperatures critically depend not only on primary 
chemical structures but on the molecular weights and MWDs of 
respective polymers. This dependence, in turn, impUes that one 
can control the thermal properties of po l ymers by designing and 
regulating these chcm l calls true tural factors. Therefore, It 1 s 
one of the strategies in developing high-performance polyme r ic 
materials to create "polymers with characteristic thermal 
properties" (e . g . , controlled soUd-llquld transition). 
In gene r al, the thermal propcrtl es of amorphous polymers 
arc pr imarily determined by the primary chemical structure, 
molecular we i gh t and MWO, whe r eas those of crystalline polymers 
depend not o nly on these factors but also on such fe1ctors as 
stcreostructurcs, annealing and rate of crystallizatlon.P> 
Therefore, in i nvestigations of the relationships between 
polymer structu r e and thermal properties, amorphous polymers 
arc more suited than crystalline counterparts . Depending on 
temperatu r e and structure, amorphous polymers exhibit widely 
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different physical and mechanical behaviors. At low tempera-
tures, for example, amorphous polymers are glassy, hard and 
brittle; as temperature is raised, they undergo the glass-
rubber transition. The glass-transition temperature (Tg) is 
defined as the temperature at which a polymer softens or begins 
long-range coordinated molecular (segmental) motions. The 
glass-rubber transition is known to be controlled mainly by the 
molecular structures of polymers. In general, factors that 
increase the energy required for the onset of molecular motion 
and thereby raise Tg include ( i) intermolecular forces, ( 11) 
high cohesive energy density and (iii) bulky and rigid 
structures. 3 > 
As expected from these factors , polymers of excellent 
thermal performance often contain rigid cyclic structures (such 
as phenyl rings), complex aromatic heterocycles and alicyclic 
structures primarily in the main chains. 4 > Another interesting 
aspect of the rigid cyclic-type polymers is the possible 
development of liquid crystallinity, as evidenced by the recent 
extensive studies. 15> These polymers, on the other hand, often 
consist of rigid cyclic structures with flexible chain 
sequences either in the main chains or in the pendant groups, 
and the rigid cyclic units serve as mesogenic cores. Therefore 
well-designed rigid cyclic structures are important in control-
ling the thermal properties and liquid crystallinity of 
polymers. 
Polymers w1 th rigid cyclic structures have been synthe-
sized mostly by condensation polymerization. Recently, however, 
it has been found that cationic polymerization can be 
controlled to provide interesting polymers. 0 > Examples include 
cationic polymerizations with controlled chain transfer 
(select! ve oligomerization) 7 > and w1 th controlled propagation 
(living polymerization) 7 ' a>. In cationic polymerization , 
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however, there have been few investigations directed towards 
controlling the thermal properties of polymers by re1gulat!ng 
their molecular structures. This is rather surprising in view 
of a very large number and variety of cationically 
polymerizable monomers (as many as 500) and the low eost and 
high efficiency of 1n1tiators. 0 > 
Therefore, as shown in Figure l, the author deeided to 
employ cationic polymerization for the synthesis of amorphous 
polymers with rigid cyclic aliphatic structures in the main 
chain [Figure 1(a)] and with rigid-rod aromatic struc·tures in 
the pendant groups [Figure l(b)]. Relative to these synthetic 
efforts, this doctoral study is specifically focused on the 
effects of the molecular structures, molecular weight and MWD 
on the thermal properties of the polymers thus prepared. 
The present thesis consists of two parts. Figure 1 serves 
to visualize the framework and basic concep ts of this study. 
Part I [Figure l(a)] concerns the synthesis of amorphous 
polymers with rigid alicyclic (norbornyl) structures in the 
main chain and the control of the! r thermal properties (glass-
rubber transition). 
Chapter 1 describes the synthesis of soluble norbornyl 
unit-containing polymers with a moderately high Tg (100-200 ~ ) 
(Eq. 1). The polymers were prepared by cationic copolymeriza-
tion of norbornadiene (NBD) with styrene (St) with the 
ethylaluminum dichloride/1-butyl chloride (AlEtCl~/1-BuCl) 
catalyst system at -50 ~ in CH2Cl2, and the effects of NBD/St 
molar ratio in feed on the polymer solubility, molecular 
weight, and Tg were investigated. A totally soluble random-
copolymer was prepared with 40 mole% or more St fed, in 
contrast to the corresponding NBD homopolymer that contained an 
insoluble fraction (ca. 30 wt%). The Tg of the amorphous 
copolymer was controlled by the NBD/St composition in the range 
-3-
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Fl gure 1. Framework and basic concepts of th 1 s thesis: 
Introductlon of rigid-cyclic structures into either (a) polymer 
main chains (aliphatic) or (b) side chains (aromatic). 
or D rigid cyclic structure 
flexible alkyl chain 
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from 100 ~ to 290 ~. and the soluble copolymer with the highest 
Tg (ca. 170 ·c) could be prepared at the NAD/ <> t (6/4 mole/mole) 
feed. 
d:z; + ( 1) 
NBD 
Chapter 2 discusses the effects of reaction conditions on 
intermolecular reactions which occur in the above mentioned 
NBD/St copolymerization; that is, a "crosslinking" retJLctlon to 
form an Insoluble polymer, a nd a "polymer linking" reaction to 
form a soluble polymer where the intermolecular reaction via 
t wo NBO repeat units is not very extensive. On the basts of the 
effect of the NBO/St molar ratio in the polymerization on 
polymer solubility, two mechanisms of the crosslinki ng 
processes were proposed. The ''polymer linking" reaction was, on 
the other hand, concluded to begin only after the complete 
consumption of the monomers, where a longer polymerization 
time. a lower temperature, the initial monomer concentrations 
['1)o around 1.0-1.5 1\1, the [AlEtC12lo/U.-BuCJ)o ratio around 
0. 75-1.0, and a higher fAlEtCl2]o were the factors that 
facilitate the "polymer linking" to form soluble polymers with 
high molecular weights. 
Chapte r 3 deals with the cationic homo- and co polymer!-
za lions o f tetracyclo[4.4.0.1~ ~.1~ 1 0 )dodecenc-3 ( TCD) , a 
tetracycll c monomer bulkier than NBO, where a bicyclic 
norborn~ne ring is fused to a norbornane structure (Eq. 2). 
With the AlEtCl2/t-BuCl catalyst system, soluble oligomers with 
a molecular weight of 1,000 were obtained in the homopolymeri-
zation at •10 ~ or in the copolymerization with St (higher than 
4 mole% in the feed) at -50 ·c. TCD/St copolymers with 
-5-
controlled Tg (100-260 ~ ) could also be prepared by selecting 
the TCO/St composition, in the same manner as with the NBD/St 




Chapter 4 delineates another method fo r controlling the 
thermal properties of alicyclic structure-containing polymer s, 
which is based on t he desi gn of norbornenes (R-NB) with 
flexible alkyl pendant gr oups ( R) • rather than t he 
incorporation of a second monomer component (copolymerization) 
discussed in Chapters 1-3 . For a series of R-NB (R = H, CHs, 
C2HI), CI)H,,, C-rHtl), c , oH2.), the alkyl pendant groups R at the 
5-position were found to reduce the Tg of polymers by acting as 
internal diluents. The alkyl substituents also i nvariably 
r educed the monomer reactivity and the polymer molecular 
weight , although thei r length did not affect them. In contrast, 
the Tg of the polyme r s were indeed controlled by the length of 
alkyl chain; this effect was discussed on the basis of the 
mobility of the carbons in the s ubstituents. 
R-NB 
Part II of this thesis [see Figure l(b)] is devoted to t he 
(living) cationic polymerizations of seven vinyl ethers that 
contain rigid a r omatic pendant groups, such as biphenyl and 
naphthyl. This part specifically discusses the relationship 
between the structure of the rigid aromatic groups and the 
liquid crystallinity, of the resulting poly(vinyl ether)s. One 
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of the features of this part is the synthesis of new side chain 
liquid crystalline polymers with controlled molecular weights 
and MWDs by living cationic polymerization. 
Chapter 5 treats the cationic polymerization of three 
biphenyl-containing vinyl ethers ( _!__- 1._) and the liquid crys-
tallin! ty of the polymers. The polymers of j_ - 1._ with narrow 
CB =CU 
2 1 -~ 
O- CB2 - CB2 -o-D--D _!__ 
MWDs were prepared by the living polymerization ~vlth the 
hydrogen iodide/iodine (HI/I2) initiating system, 9 > whe r eas 
those with broader MWDs by the non-living process with boron 
trifluoride etherate (BFsOEt2). Poly_!__ a nd poly A with nar r ow 
MWDs formed only isotropic melts , but poly 1._ with a nelr r ow MWD 
showed enantiotropic. liquid-crystalline behavior, and formed 
both smectic and nematic phases after one heating and cooling 
cycle. Based on the narrow MWDs of t hese polymers, t h is chapter 
also discusses t he effects of polyme r molecula r w•alght on 
liquid crystallinity , free from undue i n fluence of low and high 
MW components , perhaps fo r t he fi r st time in this field .. •o> 
Chapter 6 conce r ns a poly(vinyl ether) with a biphenyl 
mesogen having an electr on-withdrawing cyano group. which was 
obtained by the living cationic polymerization of vinyl ether 
4 with the HI/!2 or HI/Znl2 initiating system. Poly 4 with Mn 
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belov. 2,600 and a narrow "-1WD (~y,.f\1n=1.02-l.l) showed an 
enantiotropic liquid-crystalline behavior (a smectic phase 
a ftcr one hea U ng cycle), whereas samples with ;\1n above 2, 600 
and a similar MWO (Mw/Mn= 1. 2-1. 3) formed isotropic melts only. 
These phenomena were interpreted In terms of the d I ffcrencc 
between Tg and Ti-s (the transition temperature from Jsotropic 
to smectic), which decreases wl th increasing molecular weights 
until Tg becomes higher than Ti-s. 
Chapter 7 discusses the liquid crystallinity of polymers 
from vinyl ethers, ..§_ and &_, where the al koxy groups In the 
biphenyl moiety arc longer than the methoxy group in their 
analog .Q_ discussed in Chapter 5. The lll/12 or Hl/ZnJ,. system 
yielded polymers with narrow MWDs from both monomers. Although 
these polymers were invariably liquid crystalline independent 
of their molecular weights , the phase patterns depended on the 
polymer structures and molecular weights: with poly .Q_, smectic 
and nematic after one heating cycle for ~w < 8,000 and nematic 
alone for Mw > 8,000; with poly&_. nematic alone for Mw=2,600-
7,300. 
To summarize Chapters 5-7, this chapter also discusses the 
effect of the substituent in the biphenyl group on the basis of 
its possible steric and polarity effects. ~amely, the cyano 
substituent in ~ (Chapter 6) is not only small but also highly 
polar, and the enhanced interaction between mesogcns may 
facilitate formation of a smectic phase instead of a nemaLJc 
phase. On the other hand, for the poLymers w1 th less polar 
-8-
alkoxy terminal groups ( I in Chapter 5; 5 nnd &_ In Chapter 
7), there may be an optimum sl ze of the a l koxy group to form a 
smectic phase. 
Chapter 8 concerns the synthesis and thermal properties of 
a novel comb-like polymer having isopropylnaphthoxy pendant 
groups by the conventional cationic polymerization of vinyl 
ether l_ with AlEtClC? catalyst. In contrast to the polymers 
or 3 
liquid crystalline phase, which might be due to the bulky 
pendant group deviating from a rod-like shape. 
In conclusion, the relation of the structure and thermal 
properties (glass-transition behavior and liquid crystallinity) 
of th<' polymers described in this thesis Is ilJust1rated in 
Table (pages 10-11). This study has shown it possible to 
synthesize polymers with rigid cyclic structures, either Jn the 
main chain or in the side chain, by cationic polymer'izatlon. 
Furthermore, this research has provided strategies for 
controlling thermal properties (glass-trans! tlon behavior and 
liquid crystallinity) of these polymers, as shown in the wide 
range of Tg and other phase transition temperatures in Table 1. 
Th<' author wishes that this thesis would contribute not only to 
the molecular design and development of high-performance and 
functionalized polymer materials in cationic polymerizatlon but 
also to the macromolecular engineering in other polymerization 
reactions. 
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Table 1. Thermal properties of cationically obtained 
Chapter Polymer Structure 
Part I : alicyclic structure in the main chain 
1 and 2 +b -f-c"2T"+ ·------------------
Ph 
3 +g+ +cu2-r"+- ·------------------
Ph 
4 ~I R = H ·------------------CH 3 ·--------··--------
C2H5 .................................... ..... 
R CH -C Hz 5 11 10 1····--------
Part II : aromatic structure in the side chain 
+ cH2- rH+-
0- CH - CH -0- R 2 2 
5 R= 
--<0-0 l .................. 
5 R= _g-o-o 2 
- ------
5 R= 
-Q-O-o-cn3 .3 ...... ----
6 R= 
-Q-0--cN .4 
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SYNTHESIS OF AMORPHOUS POLYMERS 
WITH RIGID ALICYCLIC MAIN-CHAIN STRUCTURES: 
CONTROL OF GLASS-TRANSITION TEMPERATURE 
CHAPTER 1 
CATIONIC COPOLYMERIZATION OF NORBORNADIENE WITH STYRENE 
BY AlEtCl2/tert-BUTYL CHLORIDE CATALYST SYSTEM: EFFECTS OF 
NORBORNADIENE/STYRENE FEED RATIO 
ABSTRACT 
The cationic copolymerizations of norbornadiene (~BD) and 
styrene (St) were carried out with the AlEtCl2/tqrt- butyl 
chloride catalyst system In ClhCl2 at - 50 ·c. and the effect of 
NBD/St molar ratio in the polymerization on the solubility, the 
glass - transition temperature (Tg) and the molecular weight of 
the copolymer was investigated. A soluble copolymer was 
prepared with 40 mole% or more St fed, although the ~BD 
homopolymer comprised an insoluble fraction which might have 
been formed by a crossl!nklng reaction between the double bonds 
in the ~DO units of the polymer. The sequential distribution of 
the two monomer units ln the copolymer was statistically random 
not only in a polymer chain but also over the whole molecular 
weight range (from 10 3 to 10 6 ). The Tg of the amorphous 
copolymer was controlled by the NBD/St composition in the range 
from 100 ~ to 290 ~. The soluble copolymer with the highest Tg 
(ca.170 ·c) could be prepared with the \BD/St molar ratio of 




Amorphous polymers with high-glass transItion temperature 
(Tg) and crystalline polymers with high melting temperature 
(Tm) arc thought to be promising candidates for heat-resistant 
materials of engineering plastics. and are of interest both in 
the theo retical field and for practical usc. The Tg of the 
polymer from 2,5-norbornadiene (NBD. bicyclo(2.2.1]hepta-
2,5- dlcnc) synthesized cationically ( 320 ~ ) is presumably the 
highest known for linear hydrocarbon polymers synthesized by 
add 1 t ion- type polymerization. '· "'· a> Thl s polymer is a typical 
example of a hlgh-Tg amorphous polymer achieved by incorpo-
rating a bulky-rigid alicyclic structure into a polymer main 
chain. 
For the cationic polymerization of NBD. Kennedy'> proposed 
the following cationic reaction mechanism with a transannular 
rearrangement to form a nortricyclene structure. I . In their 
R+ + ;cb~~ [~tb ~~ ~Rd:t] 
-----:.;.. ~ (I) 
investigation. the cationic polymerization (AlCl:.:~ catalyst. in 
ethyl chloride and/or methylene dichlor1de solvent) of NBD was 
carried out ln a temperature range from +40 to - 123 ·c. They 
have concluded that only the polymer obtained at a very low 
temperature of -123 ~ 
consisted of structure 
was completely soluble and mainly 
1 . On the other hand. crosslinking 
reaction took place at higher temperatures by the consecutive 
"2,3- type" addition reaction to form insoluble polymers with 
-18-
structural units m via polymers containing unsaturation units 
of structure n. 
Jb 
(II) 
The author and coworkers have recently studied th~ struc-
ture of cationically obtained poly(NBD) by high-resolution 
'
3 C-NMR technique and revealed that the repeating monomer units 
were only the structures of I-a and I-b and that the structure 
1 - c did not exist. Furthermore , the author has proposed a 
stereoregular homopolymerizatlon mechanism of NB0. 4 > 
~ ~ 
( I-a) (I -b) (I- c) 
From the industrial point of view, Kennedy ' s process has 
two drawbacks, that is, (1) the polymerization temperature has 
to be very low (-123 ·c ) in order to obtain soluble poly(NBD), 
( 11) the NBD homopolymer so formed is difficult to handle as a 
thermoplastic material. because its Tg (320 ~) is high and very 
close to the polymer decomposition temperature. The aim of this 
chapter. therefore. was to obtain a soluble NBD copoly,mer with 
a moderately high Tg (100-200 ~ ) by cationic polymerization at 
a relatively high polymerization temperature of -50 ·•c. More 
spec! f ically. styrene , which gives a typical amorphous polymer 
(Tg- 100 ~ ) and is one of cheap monomers, was selected as a 
comonomer. In these conditions the probability of forming the 
insoluble structure m via structure n might decrease, while 
the Tg of polymer might be lowered to a moderate region. 
AlEtCl2/t~rt-butyl chloride was selected as the catalyst/ 
cocatalyst system, which was expected to lead to a high polymer 
-19-
yield within an acceptable polymerization time of 1 h for 
practical usc. The selection of initiator system was made also 
because the former is a well-known strong Lewis acid and the 
latter an effective initiator (cocatalyst) In the lsobutene 
polymerlzatJon 6 >. 
For the reasons described above, in this chapter, the cat-
ionic copolymerizations of NBD with styrene (St) were carried 
out by the AlEtCl2/tert-butyl chloride catalyst system in 
cH.,Cl .. at -50 ·c, and the effect of NBD/St molar ratio in feed 
on the polymer solubility , molecular weight , and Tg was 
1 nves tl gated. 
EXPERIMENTAL SECTION 
Materi.!!_l~. Commercial 2 , 5-norbornadlene (NBD. Tokyo Kasel 
Kogyo Co.) and styrene (St, Wako Pure Chemical Ind.) were 




as an n-hexane solution 
AlEtCl L> was commercially 
(Tosoh Akzo Corp.) and used 
without further purification. CH2Cl2 and ~Qr~-butyl chloride 
(t-BuCl, Wako Pure Chemical Ind.) were purified by the usual 
method and distilled over calcium hydride before use. 
PolymQrization Procedures. Copolymerization was carried 
out under a dry nl trogen atmosphere i n a baked glass reactor 
equipped with a sti rrer and a condenser . The reaction was 
initiated by addition of an AlEtCl2 solution into a monomer 
solution, and terminated with ammoniacal methanol. The cocata-
lyst (or initiator), 1-BuCl, was added to a monomer solution 
before the addition of AlEtCl2. The quenched polymerization 
mixture was sequentially washed with a dilute aqueous acid and 
-20-
water to remove catalyst residues. The product ~as recovered as 
a white powder from the organic layer by precipitation with 
methanol. and dried ln vacuum. 
Characterization of Polymers. The molecular ~eight. distri-
bution ('.1WD) of the polymers was measured by gel-permeation 
chromatography (GPC) in o-dichlorobenzene solutions at 140 ~ on 
a Waters lJquld chromatograph (150-C ALC/GPC) equipped with a 
column containing polystyrene gel (TSKgel CMH-IIT. 7'.5mmlD x 
60cm) and a refractive index (RI) detector. The Mn and r.1w were 
calculated from GPC curves on the basis of a callbrat.lon with 
the polystyrene standard. For the content of unsutur·atJon in 
the polymer. Iodine value (I. V.) was measured as p1rev lou sly 
reported ( the Iodine monochloride method ) . o> The percentage 
of the fraction of polymer soluble in boiling toluene was 
obtained by the Soxhlet extraction method (extraction time = 5 
h). 1 H-~'.1R spectra were obtained on JOEL FX-100 spectrometer 
operating at 99.5~Hz in CDCla at room temperature. The 
molecular weight dependency of the styrene-unit content of the 
copolymer was determined by GPC-FT-IR ( GPC: Waters 1 50-CALC/ 
GPC. hexachlorobutadiene solution; FT-IR: Perkin-Elmer fT-IR 
Spectrometer 1760X ) , using the absorption at 3028 em · 1 due to 
phcny 1 group as a key absorption for the styrene unIt con tent 
and the total absorption from 2800 to 3000 em 1 for molecular 
weight distrlbutlon. The content of styrene unit wus Ci!.llculated 
from 3028cm 1 /2935cm 1 intensity ratio by using a calibration 
which was obtaI ned beforehand with a ser J es or NOD/St 
copolymers with known styrene contents. The Tg of the polymers 
was measured by differential scanning calorimetry (DSC) on a 
Seiko DSC-20 differential scanning calorimeter with polymer 
samples of about 10 mg under a nitrogen flo~ at a scanning rate 
of 10 ~ per min. 
-21-
RESULTS AND DISCUSSION 
1. Effect of NBD/St feed ratio 
Cationic copolymerizations of NBD and St with various 
NBD/St molar ratios were carried out using the AlEtCl:z/1-BuCl 
catalyst system. All data are listed in Table 1. Figure 1 shows 
the dependency of the polymer yield and the amount of polymer 
fraction soluble in boiling toluene on the NBD/St molar ratio. 
As the St content in the feed was in a range from 10 to 30 
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St in feed (mole%) 
Figure 1 . Dependency of polymer yield and boiling toluene-
soluble fraction on the molar ratio of monomers in the 
copolymerization of NBD with St at -50~ in CH2Cl:z for 1 h; 
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the bas Is of' total monomers. A further l ncrcasc in St content 
In f'ced led to a slight decrease in the polymer yield, and 
eventually a pure St feed gave a yield of ca. 85 wt%. These 
rcsul ts show that the polymer yield (at a polymerization time 
of 1 h) in the copolymerization is larger than that of the 
homopolymcrizatlon of either ~BD or St. The boiling toluene 
soluble fraction of the polymer decreased with Increasing St 
content In the feed up to 35 mole%, and then, above 40 mole% St 
In the feed, completely soluble polymers were formed (Figure 
1). This behavior will be discussed in the next chapter. n 
The Mn and Mw of the soluble copolymers, obtained at the 
St molar ratio above 40 mole%, arc shown in Table 1. The 
molecular weight distribution of the copolymers arc also shown 
In Figure 2. On decreasing the St (increasing NBD) content in 
NBD /St (mol%) 
0 /tOO 
25 I _.;.7_.;;..5 __ _ 
50 I 50 ___;;_;_ __ _ 
55 /_4_;;;5 __ __ 




( PSt ) 
I 
8 
flgure 2. Effect of NBD/St feed ratio on the ~WD of the polymers. 
For reaction conditions: see Table 1. 
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the feed, VJn decreased, while ~1w increased and !'vTWD became 
broader. The decrease of VJn can be explained by an 1 ncrcase of 
the number of 'lBD cations, which tend to undergo a transfer 
reaction (sec below). The increase of \lw is lnterpretc•d by the 
frequent occurrence of "polymer linking" by the intermolecular 
reaction via two carbon-carbon double bonds in ~BD repeat units 
(structure ll ). As shown by the MWD curves In Figure 2, 
broadening of a shoulder at high MW region, which could 
ascribed to species formed by the "polymer linking" reaction, 
is also observed with Increasing NBD/St molar ratio. 
In order to obtain quantitative values of the double bonds 
in the polymer chains, which may be the reaction sites both of 
the "crossl Inking" reaction (defined as an I ntct'rpol ymer 
reaction to form an insoluble polymer) and the "polymer 
linking" reaction (defined as an interpolymer reaction to f orm 
a soluble polymer), the iodine values (I.V.) of the polymers 
were measured. In the case of the insoluble polymers, I. v. was 
determined on the boiling toluene-soluble fraction. As shown in 
Table 1. I.\'. increased from 0 to 31 with decreasing St molar 
ratio (or with increasing ~BD molar ratio) ln the polymeriza-
tion. The relationship between the content of double bond and 
the solubility of polymer (which may depend on the dlcgrcc of 
crossllnklng of the polymer) will be dlscussed In the next 
chapter'> . 
Wi Lh reference to a transfer reaction, the system behaved 
in the normal way of cationic copolymerization, that Is, the 
molecular weight of the cationically formed copolymers ls 
generally smaller than that of the homopolym<'r of each 
monomer. H . o> As shown in Table 1, the ~iii of the copolymer was 
smaller than that of St homopolymer. The transfer reaction 
shown In eq.(l), which involves an elimination of a proton from 
the propagating chain end - St-Nso•, might be the reason of the 
-25-
molecular weight decrease. 




Figure 3 shows the relationship between the copolymer 
composi tlon and the monomer composition in the NBD/St 
copolymerization. The curve shown in Figure 3 indicates that 
the copolymer compos! tion is almost the same as the monomer 
composition. This result does not represent an azeotropic 
copolymerization, but is due to higher conversion of monomers 
























Figur~ ~- Copolymer composition as a function of St feed; 0: 
whole polymer, e : soluble fraction. For reaction conditions: 
see Table 1. 
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2. Proof of random-qopol~mer formation 
In order to investigate the sequential dlstribulion of St 
units and the relation of the molecular weight of copolymer 
with the content of St units in the r\BD/St copolymers, 'II N'1R 
analysis of thP St unit (phenyl protons) and GPC- FTIR nnalysis 
of the copolymer were carried out. Figure 4 shows the nromatic 
proton resonance of the copolymer. The following I\IMR llnalysls 
is based on the fact that the aromatic proton resonance of 
polystyrene consists of two well-resolved peaks with an 
intensity ratio of 3:2 [=(meta+para) :ortho], as dt~scribed 
elsewhere. ' 0 ' As shown in Figure 4, with decreasing St content 
in the polymerization, the peak intensity of the ortho-protons 
(Ha, o = ca. 6.5ppm) decreased, and then, at a NBD/St molar 
ratio of 50/50 to 90/10, this peak shifted towards and 
ultimately overlapped with the signal due to meta- c•r para-
protons appearing at lower magnetic field (Hb, o = ca.7.1 ppm). 
These data ind 1 ca te that the homosequences of more than two 
continuing St units are rare throughout the chain of copolymers 
obtained in the copolymerization containing more than 50 mole% 
of BD. The results of GPC-FTIR analysis are showing in Figure 
5, indicating almost the same content of St unl ts (or ~BD 
units) over a wide range of molecular weight (from 103 to 10°). 
As shown in Figure 6, Tg's of the copolymers are in the 
range from ca. 100 to 290 ~ and exhibit a strong dependency on 
the ratio of rigid NBD units to comparatively flexible St 
units. This result demonstrates the additivity of the copolymer 
composition on Tg. In other words, it suggests a random 
distribution of the two types of monomeric units in the polymer 
chain. Considering also the data in Figure 1. a soluble NBD/St 
copolymer with the highest Tg (Tg=l70 ~ ) can be prepared at a 





Figur~ 4. Aromatic protons region in 1 11-N~R spectra of NBD/St 





















at 3028 crn-1 
absorption 
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Figure 5. Distributions of MW and St-unit content of the NBO/St 
copolymers ([NBD]o=[St]o=0.5M, for other reaction conditions: 
see Table 1): dashed line, St-unit content calculated -from the 
absorption at 3028 em 1 ; solid line, l'vfflD calculated from the 
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[igur~ 6. Tg of the copolymer as a function of St feed; 0: 
whole polymer, e : soluble fraction. 
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In conclusion, from the data described above Figures 
4-6). it was proved that this copolymer is far from a block 
copolymer-lik<' structure. that the sequential distributions of 
the two monomer units in the copolymers are statistically 
random over a whole range of molecular weight. Thus, an 
amorphous polymer with a tal lored high Tg was synthesized by 
copolymerization of NUD with St. 
lt. has been reported that a soluble poly(NBD) Is obtained 
only at a very low temperature of -123 ·c. •> However. it was 
found in this chapter that the copolymerization of NUD with St 
with St content higher than 40 mole% gave a soluble copolyme r 
of a reasonably high Tg at a relatively high temperature of -50 
~. The effects of polymerization conditions. such as the ~80/St 
molar ratio, monomer or catalyst concentrations and 
temperature, on the polymer solubll1 ty and the "crosslinklng" 
and "polymer linking" reactions will be discussed In the next 
chapter. 7 > 
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CHAPTER 2 
CATIONIC COPOLYMERIZATION OF NORBORNADIENE WITH STYRENE 
BY AlEtCl2/tert-BUTYL CHLORIDE CATALYST SYSTEM: EFFECTS OF 
POLYMERIZATION CONDITIONS ON "CROSSLINKING" AND 
"POLYMER LINKING" REACTIONS 
ABSTRACT 
The cationic copolymerizations of norbornad1ene ( ,'.JOD) and 
styrene (St) was carried out with the AlEtChdt- butyl ch loride 
catalyst system under various conditions. Detailed analyses 
were focused on the effect of reac tion condi tt ons on the t wo 
types of Intermolecular reactions, that is, the "crosslinklng" 
reaction to form an insoluble polymer and the "polymer linking" 
reaction to form a soluble polymer with a molecular weight 
higher than that of the non - crosslinked polymer. The two types 
of crossllnking processes can explain the unique dependenc y of 
the polymer solubi 11 ty on the the 1\BD/St molar ratio In the 
polymerization . The "polymer linking" reaction is initiated 
after complete consumption of the monomers and is strongly 
affected by the pol ymeriza t1on condi tl ons . For example. longer 
polymerization time, lower tempe r ature , an initial monome r 
concentraLion (M]u around 1 . 0- 1.5 M, a [t:_ - BuCl lo/ [AlEtCh·lo 
ratio around 0 . 75- 1.0, and i ncreasing [AlEtCl:>)o arc the 




Besides good heat resistance, relatively high- Tg amorphous 
polymers generally exhibit excellent physical properties (such 
as good transparency and low mold-shrinkage) compared with 
crystalline polymers and thus have a variety of applicalions. 
Poly(Q- phenylene oxide}, polycarbonates and poly(methyl 
methacrylate) are examples which belong to the category, 
showing glass-transition temperatures (Tg) of 209 ·c. 145 ·c and 
105 ·c. respectively. •> Despite those excellent properties, one 
of their weak points is the high water absorpllon originating 
from the ether, ester, and other heteroatom containing groups 
in the polymer main chains. The water absorption value s ( wt%, 
AST'1 D- 570 ) ::>> of these polymers are around 0. 06, 0.15- 0.18, 
and 0.3- 0.4, respectively, which are higher than those of 
polyethylene and polystyrene (below 0.01 and 0.03, 
respectively). From this view point. hydrocarbon type polymers 
without heteroatoms may be suitable. high- stable materials at 
high temperature, humidity, etc. 
An example of a hydrocarbon type amorphous polymer with 
high Tg is the cationically prepared polymer from 2,5-
norbornadiene (NBD. bicyclo[2.2.l)hepta- 2,5- dlene), whose Tg 
was detcrmi ned to be 320 ·c. a. 4 ' 5 ' Kennedy et al. : t. 4 > and the 
author et al. 0 > have independently reported that the soluble 
poly(NBD) is mainly composed of the nortrlcyclene structure I . 
On the other hand, poly(NBD) comprises also an insoluble part. 
and its structure is thought to comprise structure m formed by 
crosslinking reactions between the double bonds in the 
structure o [seeeq.(l)]. 
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( 1 ) 
NBO n m 
In the preceding chapter, n the author described that the 
copolymerization of NBD with 40 mole% or more of styrene (St) 
gave a soluble copolymer with reasonably high Tg (ca. 170 ·c 
with NBD/St molar ratio of 60/40 in the polymerization), at a 
relatively high polymerization temperature of - 50~. 
In the present chapter, cationic copolymerizations of NOD 
with St were carried out with the AlEtCl2/\.Q_r!,_ - butyl c:hloride 
catalyst system, and the effect of polymerization condJLlons on 
"crossllnking" and "polymer linking" reactions was J nvesti -
gated. Here the term "crossU nking" reaction was defined as the 
reaction leading to insoluble polymer. whereas the "polymer 
linking" reaction is thought to form soluble polymers or higher 
molecular weight by non-extensive intermolecular 1·eacllon 
between two NBD repeating units (structure n ) . 
In the first part of this chapter, the effect of NOO/St 
molar ratio in the polymerization on the "cross linking" 
reaction is discussed, in relation to the unique dependency of 
polymer solubility on feed composition described In the 
preceding chapter. 7 > In the second part, the effect of 
polymer iza Lion cond i Lions, such as reaction time and monomer 
and catalyst concentrations, on the "polymer linking" !reaction 
at a NBD/St molar ratio in the polymerization of 60/40 mole% 
was investigated in order to find factors to control the 
molecular weight of the polymers. 
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EXPERIMENTAL SECTION 
Materials. Commercial 2,5-norbornadicne (i-.BD. Tokyo Kasel 
Kogyo) and styrene (St, Wako Pure Chemical Ind.) were freshly 
distilled over calcium hydride under atmospheric and reduced 
pressure, respectively. AlEtCl~ was commercially obtained as an 
n- hcxane solution (Tosoh Akzo) and used without further 
pur if i ca tl on. cyclohcxane and tert-butyl chloride 
(t-BuCl, Wako Pure Chemical Ind.) were purified by the usual 
method and distilled over calcium hydride before usc. 
Polymerization Procedures. Copolymerization was carried 
out under a dry nl trogen atmosphere in a baked glass reactor 
equipped with a stirrer and a condenser. The reaction was 
Initiated by addition of an AlEtCl:;. solution into a monomer 
solution, and terminated with ammoniacal methanol. The 
eocatalyst (or initiator). t-BuCl, was added to a monomer 
solution before the addition of AlEtCl?. Monomer conversion was 
determi ned by measuring the residual monome r concentration by 
gas chromatography with rr-dodecane as the internal standa r d. 
The quenched polymerization mixture was sequentially washed 
wlth a dilute aqueous acid and wate r to remove catalyst 
residues. The product was recovered by precipitation of the 
organic layer into methanol and was dried i n vacuum. Polymer 
yield was calculated from the recovered polymer weight on the 
basis of the fed monomer ' s weight . 
Characterization of Polymers. The molecula r weight 
distribution (MWO) of t he polyme r s was measured by GPC o n 
samples in a-dichlorobenzene solutions at 140 ·c on a Waters 
liquid chromatograph (150-C ALC/GPC) equipped ~lth a poly-
styrene gel column (TSKgel GIVIH-HT, 7.5mmi . O. x 60cm) and a 
-36-
refractive index (Rl) detector. The Mn and Mw W<'re calculated 
from GPC curves on the basis of a polystyrene standard callbra-
tlon. Viscosity TJ sp c) was measured at 0.1 g/dl in decalin 
at 135 ~ using a Ubbelohde's viscometer. The percentage of the 
boiling toluene-soluble fraction of the polymer was obtained by 
the Soxhlet extraction method (extraction time = 5 h). As an 
index of carbon-carbon double bond content in the polymer, 
Iodine value (I.V.) was measured as previously reported (the 
Jodlne monochloride method)."' The Tg of the polymers was 
measured by DSC on a Selko DSC-20 differential scanning 
calorimeter on polymer samples of about lOmg under a nl trogen 
flow at a scanning rate of 10 ~ per min. 
RESULTS AND DISCUSSION 
1. Effect_ of !'\13Q/~t Feed Ratio on the "Crosslinking" Reaction 
The insoluble portion of ~BO polymer was thought to-
comprise structural units of type m, fo r med by the "cross-
linking" reaction between polymers of structure n . '> The 
\BD/St copolymers ln the present system had an unusual 
depe nde ncy of the content of the soluble fraction on the NDD/St 
molar r a tl o , as shown J n the preceding chapter.~> This 
phenomenon can not be explained only by the d i ffcrent content 
of ~80 units in the copolymer. and the author thought two or 
more factors that might i nf luence the solubility. 
Two crossllnklng processes. cqs.(2) and ( 3) ' were 
Introduced to explain the above described phenomenon. The 
forme r is a normal cationic addition-type reaction of t wo 
polymer chains of structure 0 , and the latter Is a Frledel-
Crafts type reaction of the structur e o with the phenyl ring 
of a St unit . 
37-




+ fqn)- ( 3) 
In order to estimate the probability of both reactions 
[eqs. (2) and (3)]. the contents of carbon-carbon double bonds 
and St units were calculated from the iodine values (l.V.) and 
from the 'H-NMR peak intensities. respect! vely. as sum! ng that 
there are only double bonds of structure n (Table 1). Although 
the double bond contents listed in Table 1 do not refer to the 
polymer subject to the crosslinking reactions but to the 
recovered polymers. these values may be conveniently used for 
calculating reasonable probabilities as shown below. 
The probabill ties of occurrence of reactions (2) and (3) 
are given by: 
(Probability of eq.(2)) 
(Probability of eq. (3)) 
where [St) and [ U ] are 
a X [ H ) 2 (4) 
b X [St] X ( H ] (5) 
the mole fraction of St unit and 
structure n in the copolymers. respect! vely, and a and b are 
constants. The values of (St] X [ D ) and the 
corresponding normalized values defined in eqs. (6) and (7) are 
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\ormal !zed{ ( II )~) 100 x [II]"' / ( maximum of I II I •·) { 6) 
:-."ormallzed( ISt)x I II] ) 100 x IS t 1 x I D I / ( mnx I mum of 
ISt)x[D)) 
( 7) 
In order to correlate the ~ormallzed( I D I") and the 
.'JormalJZ<'d( ISt)xl n ]) values with the solubility of the 
copolymers, the solubility index {Sl), defined as shown ln 
eq. {8), was Introduced as a measure of solubll lty of the 
copolymer: 
Sl 200 {Normallzcd{[ ll ] 2 ) +ax Normalizcd(ISt)x[ U ])} ( 8) 
Increases in Normalized( [ n ] ") and Normal izcd( ISt)x ( II ]) 
mean that the reactions (2) and (3) occur with higher 
probability. Therefore, the larger the content of crosslinking 
structures in the copolymer {the smaller the content of the 
soluble part), the smaller the SI value. The suffix a in 
eq. {8) is a measure of the reactivity of the reaction shown in 
eq. {3) relative to that in eq.(2). 
Figure 1 shows the SI value as a function of the 1\lBO/St 
feed ratio in the range of a from 0.1 to l .0. The variation of 
the Sl value for a= 0.1 to 0.3 in Figure 1 is similar to the 
change of the content of soluble fraction of the copolymer 
shown Jn Table 1 ( see also Figure In Chapter ), assuming 
that an Sl value greater than 120 gives a completely soluble 
polymer. Therefore . one possIble explanatIon for the unusual 
dependence of the copolymer solubility on the NOD/St feed ratio 
might be that t wo types of intermolecular reactions [eqs. (2) 
and {3)) arc coexisting in the copolymerization of 'BO with St . 
















0 ~ 100 
St 1n feed (mole 0 /o) 
Figure 1. Solubility Jndex ( Sl, see text ) of the copolymer as 
a function of feed composition. 
2. E:,ffe~t Qf _l~olymQrj~at.j._Qn Conditions on "Polymer I 1 nklng" 
R~aG_tlQn 
Cationic copolymerizations of ~BO with St were carried out 
with a [\13D)o/(Stlo ratio of 60/40 mole% at -50 ·c In CH:<>Cl:<> 
{exceptions: Run \os. 4 and 5 in Table 2 ). This monomer feed 
ratio was chosen because L t led to a comp 1 e te 1 y so J ub 1 e NBO/S t 
copolymer of highest Tg (170 ·c ) . 7 > In this sectlon, only the 
first type of the proposed reaction [eq.(2)] is conside red as 
the "polymer linking" reaction, and the second type leq. (3)] Is 
neglected, because. as described in the previous section, the 
latter was minor. 
(A)~ffect of polymcrlza~i()n t;j~ t~mQ...Grature and solvQ.nt 
gol~r1ty 
The polymerization conditions and results were shown In 
Table 2. All polymers listed in Table 2 arc completely soluble 
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in toluene, and the Tg's are in the range from 160 to 175 ~. 
Polymerization time: Monomer conversions were almost 
quantitative even after a polymerization time of 5 min . 
However, polymer yield (from the weight of recovered polymer) 
increased at longer polymerization times (Run Nos. 1,2 and 3). 
This discrepancy is an indication that the polymer molecular 
weight increased with reaction time. At the initial stage of 
polymerization, low-molecular weight (MW) oligomer, which can 
not be recovered by precipitation, was formed. Figure 2 shows 
the time dependency of the molecular weight distribution (MWD) 
of the copolymer. At higher polymerization time the high-MW 
portion of the copolymer rises. 
It has therefore turned out that initiation and propaga-
tion reactions in the polymerization system were already 
complete at the initial stage, and that the "polymer linking" 
reaction [for example: eq. ( 2)], leading to an increase in the 
MW of the copolymer, took place at a later reaction stage in 
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LOG( MW) (PSt) 
Figure 2. Effect of polymerization time on MWD of the copolymer 
obtained from [NBD]o=0.6(M) and [St]o=0.4(M), by AlEtCla/!-BuCl . 
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Temperature a~olvent _Q_QlariSY: The 1\1\\0's of the 
copolymers obtained at various conditions arc shown in Figure 3 
(see also Run 'los. 3, 4, and 5 in Table 2). As temperature 
increased from -50 ,C to 5 ·c. r>1W (\fn) decreased. as usual for 
cationic polymerizations. For the copolymer obtained at a 
higher temperature (5 ·c. in CH=.>Cl:z) , the higher-~1W peak was not 
observed, whereas the copolymer obtained at a lower temperature 
<-so ·c. in CH~Cl2) showed this peak. This suggests that 
stabilization of the cation ( W ), shown in cq.(2) , by Jowering 
the temperature is necessary for the ''polymer linking" reaction 
to proceed. That is, even if the cation ( W ) is formed at 
elevated temperature, it preferably undergoes a transfer 
reaction (elimination of a proton from the cation w ) to form a 
structure of type n. 
The influence of solvent polarity was tested by using 
cyclohexane as nonpolar solvent in addition to the polar 
CH2Cl2. Figure 3 shows that the effect of temperature on the 




2 3 4 5 6 7 8 
LOG(MW) (PSt) 
E.!_gure 3. Effect of polymerization temp. and solvent polarity on 
MWD of the copolymer obtained from [~OD]o=0.6 (M) and [St)o=0.4 
(~). by AlFtCl2/t-BuCl (Run ~os. 3, 4 and 5 Jn Table 2). 
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(B)Effcct of mQnQme~~9nccn~ratlon 
As shown by the data in Table 2 (Run ~os. 6,3,7 and 8) and 
in Figures 4 and 5. the molecular weight (i'•ln and TJ sp /c) of the 
copolymer reached a maximum at [Mio between 1.0 and 1.5 M. and 
a further increase in [M]o caused a molecular weight drop. As 
(:\1]o increased from 0.5 to 1.5 :'-1, the main peak of GPC curves 
shi ftcd towards the hi ghcr-MW s lde and the in tens tty of the 
sub-peak at higher molecular weight increased (Figure 5). The 
former can be accounted for by the increasing, [M)u/[AlEtCl=.>)o, 
whereas the latter by an increase ln the concentration of 
double bonds in the polymer chains ( U ) , leading to intensified 
"polymer linking" reaction. 
However. along with the increase in ['1lo from 1.5 to 2.0 
M, the MW of polymer decreased and the hi gher-MW sldc peak 
interestingly disappeared. A possible explanation may be the 
depression of the "polymer 1 inking" reacUon by the higher 
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[NB0]0 +[St]0 (M) 
Fj_gure 4. 11 splc as a function of ['1)o (Run \os. 6, 3, 7 and 8 







2 3 4 5 6 7 8 
LOG (MW) (PSt) 
Figure 5. Effect of [M]o on MWD of the copolymer obtained from 
[NBD]o/[St]o=60/40, by AlEtCl2/1-BuCl, in CH2Cl2, at -50~ (Run 
Nos. 6, 3, 7 and 8 in Table 2) . 
Furthermore, the MWD of the copolymer obtained at [M]o of 
0.5 M showed a monomodal distribution. This is an indication 
that the "polymer linking" reaction can be also depressed by 
lowering the concentration of double-bonds in the polymeriza-
tion system. 
(C)Effect of AlEtCl2 and t - BuCl concentrations 
[ t - BuCl J o/[AlEtCl2l o ratio: This ratio also affected the 
MW Mn and TJ splc of the polymer (Table 3). That is, at a 
ratio around 0. 75 to 1. 0, the MW of the polymer came into an 
insoluble region. As shown by the MWD data in Figure 6, In the 
range of the [t-BuCl]o/[AlEtCl2]o ratio from 0.5 to 1.25 the 
copolymers gave bimodal distributions, whereas outside this 
range, either higher or lower ratio led to a monomodal 
distribution free from the higher molecular weight peak. The 
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2 3 4 5 6 7 8 
log(MW) (PSt) 
F.i.K!_lre 6. Effect of l t - BuCl]o/[AlEtCl.,]o molar ratio on MWD of 
the copolymer obtained from [NBDio=0.6(M) and (St)o=0.4(M). by 
AlEtCl~/t - BuCl, in CH .,Cl.,, at -50~ ( see Table 3 ) . 
intensity, on raising the catalyst ratio from 0.1 to 0.5 can be 
interpreted by an increase in the carbocatjon concentration In 
the system. 
On the other hand, the MW drop when the catalyst ra t1 o 
increased from 1.0 to 1.5 may be caused by some transfer 
reaction. One possible example of the transfer reaction Is 
-48 -
shown in eq.(9), where ~-BuCl acts as a chain transfer agent. 
(9) 
A similar behavior has been observed in the cationic 
polymerization of styrene by the BF30Etc/Hc0 system in 
benzene, 0 > where a [HcO]o/[BFa0Et2]o ratio of 0.5 gave a 
maximum polymerization rate. 
[AlEtCl2lo: The "polymer linking" reaction was also 
affected by the catalyst concentration, where [t- BuCl)o/ 
[AIEtCl2]o 0. 5, as shown in Table 3 and Figure 1. A lower 
[AlEtCl2Jo gave a soluble polymer with monomodal MWD, whereas 
with increasing [AlEtC12)o, the "polymer linking" reaction 
became mo r e important , and finally a higher [AlEtCl2lo brought 
about the formation of an insoluble polymer by the "cross-
linking" reaction. 
CONCLUSION 
The " crosslinking" and "polymer linking" reactions in the 
NBD/St cationic copolyme r ization were investigated. The unique 
dependence of the "crossllnking" reaction on the NBD/St feed 
ratio was interpreted by two types of intermolecular reaction 
processes [eqs. (2) and (3)]. The effect of the polymerization 
conditions on the "polymer linking" reaction is revealed in 
Scheme 
The optimum polymerization conditions for preparation of 
soluble NBD/St copolymers, with a relatively high molecular 
-49-
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Figure 7. Effect of [AlEtCl2lo on MWD of the copolymer obtained 
from [~BD]o=0.6(M) and fSt)o=0.4(M), by AlEtCl2/t-BuCl, in 
CH,.Cl2. at -50~ ( see Table 3 ) . 
Scheme I. 
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weight and a high Tg of around 170 ·c. were found to be: [M]o = 
1.0-1.5 M. [AlEtCl?)o 10-15 m~. mole ratio (l BuCl]o/ 
[AlEtCbdo = 0.5. in Cll2Cl,., at -50 'C. and for 60 min. 
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CHAPTER 3 
SYNTHESIS AND CHARACTERIZATION OF HOMO- AND CO-OLIGOMERS OF 
TETRACYCL0[4.4.0.12 ' 5 .17 ' 10 ]DODECENE-3 
BY CATIONIC POLYMERIZATION 
ABSTRACT 
Cationic homopolymerization of tetracyclo(4.4.0.1~. 6 • 
1 '· ' 0 ]dodccene-3 (TCO) and its copolymerization with styrene 
(St) were carried out with the AlEtCl::;>/tert-butyl chloride 
catalyst system and the effects of temperature and TCD/St molar 
ratio in the polymerization, on polymer solubil1 ty, molecular 
weight and glass-transition temperature (Tg) were investigated. 
A soluble oligomer with a molecular weight of 1,000 was 
prepared by homopolymerization of TCD at +10 ·c or by 
copolymerization with St ( > 4 mole% in the feed) at -50 ·c. 
' 8C-N~R analysis of the TCD homo- and TCD/St co-polymers 
revealed both 3,4- and 3,11-additions or the repeat units from 
TCD. A polymerization mechanism Including initiation, 
propagation, termination (deprotonation), and further 
crosslinking reactions is proposed. ~oreover, it was 
demonstrated that a TCD/St copolymer with a controlled Tg in 
the range of 100 to 260 ·c can be prepared by selecting the 
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t.hermopl as tic rna ter ials with desirable character is tics such as 
transparency and a low mold - shrinkage. Typi~al examples of 
these materials include poly(Q-phenylene oxide). poly-
carbonates, and poly(methyl methacrylate), for which a number 
of general factors that. affect glass transition temperature 
have been described. •> In general, factors that increase the 
energy required for onset molecular motion, such as (1) inter -
molecular forces. ( 11) high cohesive energy density, ( 11 i) 
lntrachain steric hindrance, and (iv) bulky-stiff side groups, 
have been suggested to increase Tg. Among these factors, the 
author became interested in the intrachain sterlc hindrance and 
the bulky-stiff groups and have been fundamentally 
investigating the relationship between the structure and 
thermal properties of cationically synthesized polymers having 
alicyclic structures. 2 • 3 • 4 > 
The cationic method has been chosen from a variety of 
polymerization methods to introduce an alicyclic structure into 
a polymer chain, although the molecular weight of the polymers 
formed is generally low. There have been many cases where only 
a cationic method can generate a unique polymer structure which 
cannot be formed by othe r methods. often by the transfer and 
rearrangement reactions inherent in cationic polymerizatlon. 5 > 
Many kinds of di- and monoolefinic nor bornane der 1 va ti ves 
have been polymerized cationically , and the structure of the 
alicyclic group containing polymers were studied [eqs.(l)-(3)]. 
2,5-~orbornadiene (bicyclo[2 .2 .l)hepta-2,5-diene . ) , one of 
the diolefinic norbornanes. was polymerized independently by 
Kennedyo> and by the author 2 >. and the structure of the polymer 
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was identified [eq. (1) J. Di-endo- methylene-hexahydronaphthalenc 
(tetracyclo[4.4.0.1 2 ' t>.l 7 ' ' 0 ]dodeca-3,8 - dtene, u was also 
polymerized, and the polymer structure was proposed as shown in 
eq. ( 2) • n Both polymers from and u were proposed to form 
by the transannular polymerization mechanism. 
(1) 
( 2) 
On the other hand, polymerization of norbornene (bicyclo-
(2.2.l]hept-2-ene. m ), the simplest form of monoolefinic 
norbornane, was extensively investigated [eq.(3)]. The ring-
opening metathesis polymerization of m reportedly yields 
polymers containing cyclopentane rings and cis- and/or trans -
unsaturated structure ( IV ) . a> In the cationic polymerization, 
however. Kennedy proposed two types of the polymer structures: 
a saturated "vinyl-type" structure v and a rearranged 
3,7-repeat structure ( VI ), although the latter has not fully 
been identified. 0 > 
:{=C'OC=}= 
IV 
~/ m~_)ds v (3) 
~ VI 
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Tetracyclo[4.4.0.1~·. "'.1 7 ' 10 ]dodecene -3 (TCO) , shown in 
eq.(4), has a tetracycllc structure where a blcyclic norbornanc 
r lng is fused to a norbQrn~ng structure. and its structural 
relation to m Is in analogy with that of n to I . To the 
author's knowledge, the cationic polymerization of TCD has not 
been reported so far, while its metathesis polymerization was 
reported to yield the IV type structure. 10> It is therefore of 
interest to Investigate the structure and thermal properties of 
the cationically produced TCD polymer, the repeat units of 
whi ch are expected bulkier and more rigid than those from 
norbornene( m ). 
TCD 
cationic ----~~~~~----~:>~ ? polymerization ( 4) 
In the present chapter , TCD was synthesized by the 
Dl el s-Alder reaction of cyclopentadiene wl th norbornene, and 
its cationic homo- and co-polymerizations were carried out with 
the AlEtCl2/tert-butyl chloride catalyst system in the same 
manner as described in the preceding chapters. 3 • "'> The 
structure and thermal properties of the polymers were also 
investigated, as described below. 
EXPERIMENTAL SECTION 
Synthesis 
---'a""'n,_,_d,.___ Characterizat.!Qn__ Qf TCD. I'.Jorbornene 
(Aldrich, 98% purity) and dicyclopentadiene (DCPD) (Wako, 91% 
purity) were of commercial source and used as received. TCD was 
synthesized by Diels-Alder reaction of cyclopentadicne (CPO) 
and norbornene [eq.(5)] as described elsewhere; 10 > molar ratio 
-56-
cro:norbornene = 1:2 at 200 ~ for 30 min at a pressure of 10 
kg/em?: yield 43 % after distillation (b.p. 84' C 6mmilg). 
purity 99.5% (by GC). The purified TCD consisted the endo and 
cxo Isomers (91:9, by ' 3 C{ 'H} DI·.PT); Table 1 lists the 13C NMR 
chemical shifts. 




3 C chemical shifts of TCD ( Jn CDC18 ) 
Carbon N a) o. Carbon Species Endo-isomcr Exo-isomer 
1 • 6 Cll 48.7 45.7 
2. 5 CH 46.7 49.7 
3, 4 Cll 134.7 138.7 
7, 10 Cil 37.9 38.8 
8, 9 Cll., 31.9 31.2 
11 C!l.., 52.8 42.4 
12 Cll,. 33.7 35.7 




Materials. Commercial styrene (St. Wako) was freshly 
distilled over calcium hydride under reduced pressure. AlEtCl., 
was commercially obtained as solution in n-hexanc (Tosoh Akzo) 
and used without further purification. Oichloromethane (CH?Cl:?) 
and te~t -butyl chloride (1-BuCl. Wako) were distilled over 
calcium hydride before use. 
Polymerization Procedures. Polymerization was carried out 
under a dry-nitrogen atmosphere in a 500-ml baked glass reactor 
equipped with a stirrer and a condenser. The reaction was 
lnJ tlated by addi tlon of an AlEtCl2 solution Into the monomer 
solution, and terminated with prechillcd ammoniacal methanol. 
The cocatalyst (or initiator), 1-BuCl, was added to Lh~ monomer 
solution before the addition of AlEtCl2. The quenched polymeri-
zation mixture was sequentially washed with a dilute aqueous 
acid and water to remove catalyst residues. The product was 
precipitated into methanol and was dried in vacuum to give 
white powdery polymer. The yield of polymer was determined by 
gravimetry. 
~haracterlzation of Polymers. The molecular weight distri-
bution (MWO) of the polymers was measured using gel-permeation 
chromatography (GPC) in Q-dichlorobenzene at 140 ~ on a Waters 
liquid chromatograph (150-C ALC/GPC) equipped with a poly-
styrene gel column (TSKgel GMH-HT, 7.5mm J.d. x 60cm) and a 
- -refractive index (RI) detector. The Mn and Mw were calculated 
from GPC curves on the basis of a polystyrene calibration . A 
dual-mode (Hl and UV at 254nm) GPC detection was also applied 
for the proof of TCD/St copolymer formation (ln CHC13, at r.t .. 
column: PLgel 500A. 7.5mm i.d. x 60cm). The percentage of the 
polymer fraction soluble in boiling-toluene was obtained by 
Soxhlet extraction (extraction time = 5 h). 
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NVJR samples were prepared by dissolving ca. 80 mg of the 
soluble fractlons of the TCD homo- or copolymers (Run t\os. 1 
and 8. in Table 2) at 120 ·c in ca. 0.5 ml of hexachloro-
butadiene. including ca. 0.05 ml of perdeuteriobenzene for 
field stabilization, in a 5 mm o.d. glass tube. ' 3C-'IIr>1R spectra 
were recorded on a JOEL GX-500 spectrometer: 125.8 \1Hz; pulse 
angle 45 o ; pulse repeti tlon time 5. 0 s; spectral width 20000 
Hz; number of scans 20,000; data point 64k. 'H-NMR spectra were 
recorded on the same NMR instrument at 500 MHz Jn CDCl3 at 40 
·c. 
Glass-transition temperature (Tg) was measured with 
differential scanning calorimetry (DSC) on a Selko OSC-20 
instrument with polymer samples of about 10 mg under a nitrogen 
flow at a scanning rate of 10 ~ per min. 
RESULTS AND DISCUSSION 
1. Polymerization 
Homopolymerizations of TCD by the AlEtCl2/t-BuCl catalyst 
system were carried out under various conditions (Run Nos. 1-4 , 
Table 2). This catalyst system was chosen, because AlEtCl2 Js a 
strong Lewis acid and because 1-BuCl is a well-known effective 
initiator , as described in Chapter 1. 3 > Figure 1 shows the 
molecular weight distribution (MWD) of the polymers. The 
polymerization was relatively slow, reaching 5-20 % polymer 
Yield in 60 min. The polymers obtained at +10 ~ were completely 
soluble in boiling toluene but those at lower temperatures were 
partly insoluble. The molecular weight of the soluble polymers 
were in the range 700-1100 (Mn , by GPC). Solvent polarity 
(CH2Cl2 versus cyclohexane) did not affect polymer yield but 





























































































0 0 0 0 
lfl M .....; ...; 
I I + + 
0000 
'''' 0000 0 0 0 0 
............ ...., ~ 
t-0>00000 
tOO'<!'OMO 
.....; M 10 t- 0 
...; 
000000 
00 00 "' t- 00 0 










I I I I I I 
0 
~t-OOlflO 
M 10 t-...; 
































































Vigurc 1. Effect of polymerization temperature and solvent 
polarity on MWD and polymer solubility of the TCD homopolymer 
(Run Nos. l-4, Ln Table 2) . 
A proposed mechanism for the cationic polymerization of 
TCD. including 1 n l t 1 a t1 on , propagation, and termination 
(deprotonation), ls shown in Scheme 1, which is analogous to 
the mechanism for norborncne proposed by Kennedy. 1:), 7 > 
Therefore. the structures of the TCD polymer (before a polymer 
linking reaction occurs) could be illustrated as shown in 
Scheme 2 (see the s true Lure section be 1 ow) . Herein and 




Initiated Ends Repeat Units Terminated Ends 
(B-1) (B- 3) 
R = 1Bu or H 
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into account as a fed TCD monomer for simplicity. If the 
insoluble fraction of poly(TCD) is formed by crosslJnking 
reactions, they might involve terminat.ed ends. A-3 and B- 3 in 
Scheme 2. that further react with a cation (or a proton) to 
form. as shown in Scheme 3. tetra- or tri -substituted TCD units 
(B- 6 or B- 7 , respectively) . In Schemes 1. 2 and 3, A and B have 
designated the endo- and exo-structures of TCD unit. respec-
tively. 
In Scheme 3. the structures A-3 and B- 3 might be regarded 
as tr 1 functional and bifunctional macr·omonomers. respect! vely. 
Similarly, TCD monomer may also act as a tetrafunctional 
monomer as shown in eq. ( 6). Thus. the observed decrease in 
polymer solubility at -50 or -30 ~ was interpreted as follows: 
At such low temperatures, the secondary carbo-cations (for 
example, B- 4 and B- 5 ) . which a r ,e thought to be the 
intermediates of the crosslinking reaction, might be 




(B-3) ( 8-7) 
etc. 
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the polymer yield by gravimetry increased with decreasing 
temperature (Table 2) may also support the possibility of the 
crossl Inking reaction processes Scheme 3 In which TCD 
monomer Is nlso participating as a crossl inking agent [eq. (6)). 
(6) 
(B-6) 
Copolymerizations of TCD with Styrene were carried out 
under various TCD/St feed ratios at -50 C (Run Nos. nnd 5 -
10, Table 2), expecting that by incorporating St units into the 
TCD polymer. the insoluble fraction formed by the crossllnking 
reaction might decrease and that Tg could be controlled by the 
TCD/St feed ratio, as described in Chapter 1 of the norborna-
dlene/styrene system. 3 ' As Table 2 shows, the solubility of the 
polymer ~urprisingly increased from 43\ to 100% at a very small 
amount of St feed ratio of 4 mole%. The reason of this solubil-
ity change is not clear. but , as expected, a soluble polymer 
containing units from TCD was indeed obtained by copolymeriza-
tion with St. 
The effects of the TCO/St feed ratio on polymer yield and 
on the St content (measured by 1 B-N"'1R) in the copolymer are 
shown In figure 2. Polymer yield increased from 17 Lo 86% w!Lh 
an Increase of the more reactive styrene In the monomer feed 
ratio. The relationship between the St content and St feed 
ratio Indicated that the copolymer composition was almost equal 
to the feed rallo, In spite of the reactivity difference In the 
t~o monomers. ~lgure 3 illustrates the dual mode refractive 
Index-ultrnviolct (RI-vV] GPC traces for the copolymer (Run ~o. 











St in feed (mole0/o) 
Figure 2. Monomer feed ratio dependency of polymer yield and St 
unit content in the TCD/St copolymer obtained at -50' C in CII2Cl:<> 
for lhr; [TCD]n+[Stlu = 1.0 M, [AlEtCl:<>]o = 10.0 mM, [~-BuCl]n 




FiK!!..r.~ 3. Dual-mode [RI-UV] GPC traces for the TCD/St copolymer 
obtained by AlEtCl ~/t-BuCl in CH2Cl2 at -50~ for 1 hr ( [TCD)o/ 
1St] 0 = 93/7 mole%. [M]o = 1.0'\1 ). UV trace was monitored at 
254 nm. 
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product) is nearly identical wl th the UV detector t r ace 
(distribution of unit from St). which demonstrates almost the 
same amount of St unit (or TCD unit) is contained in the 
copolymer over the whole molecular weight range (from 200 to 
2500). From the above data (Figures 2 and 3) together with the 
solubility change, the formation of true TCD-St copolymers 
could be demonstrated. 
Figures 4 and 5 show the dependence of the TCD/St feed 
ratio on Mn and MWD of the copolymer. respectively. As the feed 
ratio of St. the more reactive monomer, increased, polymer 
yield continuously increased . and Mn slowly increased up to the 
St feed ratio of 75 mole%. The molecular weights of the 
copolymers were much smaller than that of the St homopolymer. 
As shown In eq. (7) , a t r ansfer reaction (proton elimination) 
from the St-TCD+ propagating end and the resultant formation of 
0 50 100 
St in teed ( mole %) 
Figur~ 4. Effect of St feed ratio on Mn of the TCD/St copolymer 
(For reaction conditions . see Table 2). 
- 66-
TCD/St in feed 















Figure 5. Effect of monomer feed ratio on MWO of the TCD/St 
copolymer ( ~1WD curve with a dashed-lin•e was taken from soluble 
fraction of the TCD homopolymer: For reaction conditions, sec 
Table 2 ). 
a Jess reactive buried tertiary cation might be the reason for 
the molecular weigh t drop. 





2. Structures of TCD Homopolymer and Copolymer with St 
A 13C-NMR structural analysis was carried out on a soluble 
fraction of the TCD homopolymer (Run No. 1) and the TCD/St 
copolymer (Run No. 8). 
The 13C-NMR spectrum of the homopolymer is shown in Figure 
6. The peak assignment was based on DEPT. The intensity ratio 
of the total methylene to the me thine peaks was 1:1.8. The 
olefinic carbon peaks resonating between 130-134 ppm indicated 
the existence of carbon-carbon double bonds, most probably in 
the terminated ends formed by the deprotonation [sec Schemel). 
The peak at 28.2 ppm was assigned to the methyl carbon of the 
t-butyl group derived from 1-BuCl in the initiation step. These 
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Figure 6. 1 3 C-NMR spectrum of TCD homopolymer 
of the polymer obtained in Run No. 1). 
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30 25 20 
soluble fraction 
substituted tetracyclododecane, A-2 (calculated methylene to 
mcthine intensity ratio, Clh:CH 1:2), with the initial end 
group A-1( CH2:CH = 1:2 if R=_t;Bu, CH2:CH = 1:1.4 if R=H and 
~ith the terminated end group A-3 CJI.,:Cll 1:1.5 ), as 
presumed in Scheme 2. The above comslderation was likewise 
applicable to the 8-type (exo) structure, and gave exactly the 
same result concerning the methylene to methine intensity 
ratio. If either A or 8 type was formed in the present system, 
the N~R spectrum should have shown the simpler pattern. 
Ther·cfore, the formation of both types of A and B is most 
pI a us i b 1 e, as proposed by Kennedy for norbornene. t>. 7 > 
In order to support the above speculation, attention was 
focussed on the relatively sharp CH p•eak (corresponding to two 
carbons per one unit from TCD from the intensity ratio) at 41 
ppm, which resonated at the highest field among the CH peaks. 
The bridge-head carbons C-7 and C-10 ln both endo- and exo-TCD 
monomers resonated at the highest fieJld among the Cll peaks and 
their chemical shift dl fference betwee:n endo type and exo type 
was very smaJ 1 (see Table 1). Similar·ly, C-7 and C-10 in the 
A-type polymer (model compound: TCD endo monomer) and those in 
1!-typc polymer (model compound: TCD exo monomer) were assumed 
to r·esonatc closely together. Furthermore, the chemical shifts 
of C-7 and C-10 in the polymer were thought to be less 
i nf Luenccd by the carbon atoms in the substi tuents which were 
attached during polymerization, resulting in the narrow peak 
profile. since the carbon atoms in the substituents were 
o -carbon a toms from C-7 or C-10. Therefore, the sharp CH peak 
in concern can be assigned to C-7 and C-10 in the unit from TCD 
as shown in Scheme 2. 
Another interesting feature of 1the spectrum of t h e TCD 
homopolymer· (Figure 6) is that all the methylene carbons 
resonated at fields higher than 40 ppm, in spite of the C-11 
-69-
(CH:<>) peak in the TCD endo-monomer resonating at 52.8 ppm. On 
the basis of literature data"> for the bridged-carbon atom 
from ngrborn~ng to 2-methyl-norbornane, the peak pos 1 tl on of 
C- 11 was reasonably assumed to shift into the range of 30 - 40 
ppm by converting from monomer to polymer. 
As shown In Figure 7(a), the whole paraffinic carbon 
resonances of the TCD/St copolymer were similar to those of the 
TCO homopolymer. The C-7 and C-10 peaks of the TCD units even 
1 n the copolymer were also sharp, whIch 1 ndica tes the carbon 
atoms in the substituents took o- and more remote position from 
C 7 or C-10, in the same manner as in the homopolymer. 
Unfortunately, the peaks due to the - Cli,--CII- in the unl t from 
styrene could not be definitely assigned. From the aromatic 
carbon signals shown in Figure 7(b), it was confirmed that a 
unit from styrene was incorporated by the normal way of 
addition reaction. The terminal olefinic carbons were not 
clearly observed in this region. Probably, these peaks might be 
hidden in the strong aromatic resonances. 
As described above, it could be concluded that the 
polymerization of TCD proceeded in the processes shown In 
Scheme 1, in both homopolymerlzation and copolymerization wi th 
styrene. 
3. Glass-TransitiQn Temperature of Polyme r s 
As shown in Table 2, the Tg of TCD homopolymers ranged 
be tween 260 and 275 ·c , whereas norbornene polymers have been 
reported to have a softening point of 235 ·c (Mn=l, 470). 7 > The 
r epeat units of TCD being bulkier and of more rigid structure 
than that of norbornene ( m ) , did not affect very much the 
mel Ling behavior of the polymer (Tg or softening point). This 
may be caused by their low molecular weights, where end groups 
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olefinic carbon resonance region for 
No.8 in Table 2 ). 
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CHAPTER 4 
SYNTHESIS AND CHARACTERIZATION OF POLY(5-ALKYL-2-NORBORNENE)S 
BY CATIONIC POLYMERIZATION : EFFECTS OF ALKYL SUBSTITUENTS ON 
MONOMER REACTIVITY, POLYMER STRUCTURE AND THERMAL PROPERTIES 
ABSTRACT 
calion i c polymer 1 za Lions of various 5-alky 1-2-norbornencs 
R- NR, where R" II , Cll~-l , C:<>H~ . c~H,, , C7H,r>, and C,oll~·~) were 
carried out by the AlEtCl,./te r t-bu tyl clhlo r ide catalyst system , 
and the effects of the alkyl subst1tuents on the monome r 
reactivity and polymerlzabllity, polymer structure, and glass-
transition temperature (Tg) were investigated. The introduction 
of an alkyl substituent into the 5-position of the norbornene 
ring remarkabJ y reduced the monomer react! vi ty a n d polymer i -
zab i 1 i ty. a 1 thou g h the length of alkyl group did not affect 
them. 13C-~MR structural analysis of poly(R-NB)s revealed that 
not only the normal 5- or 6-alkyl - 2,3-unit but also other 
structures such as 5- o r 6-alkyl-2 , 7-. 4-alkyl -3,6-unlts, and 
so on were most plausible st r uctu r es fo r t h e repeat units. 
Furthermor e. the existence the 4-alkyl-3. 6-repeat unit and the 
alkyl idene type end st r uctu r e indica te d t hat the intermediate 
tertiary cation (5-alkyl-5-norbornyl caLtion) , which causes t h e 
monomer's lower reactivity and polymer izabili t y, ex i sted du r ing 
the polymerization . The Tg o f t h e polymers at the same 
molecular weigh t r a nge (0Pn =3-5) d ec r e a sed in the following 
order: 
11 -NB, Cli 3-NB . C2Hr:s-NB > Cr:sH,, -N B > C7H, ts-NB > C t oll c> , -NB . 
The e f fect of t h e alkyl substituent length on the Tg was 
disc ussed on the basis oe the 1 3 C spin-lattice relaxation times 




The incorporation of bulky and stiff alicyclic structures 
into polymer main chains represents a useful method for In -
creasi ng glass-transition temperature (Tg) of polymers. because 
such groups generally increase the energy required for onset 
molecular motion of the polymers. 1 ' Along this line of idea. 
the author has investigated the thermal properties of the cat-
ionically synthesized alicyclic structure containing polymers 
with hi gh-Tg. such as the polymers from norbornadiene ( .!.. ) "'· ; I, "') 
und from tetracyc l o 14.4. 0. 1 2 ' ~. 1 7 ' 10 1 dodcccnc-3 ( ..!.!... ) ::">> • and 
found that the homopolymers were amorphous and with high Tg's 
j_. 290 ·c (Mn=4.800); ..!!.. 270 ·c C'i""n=l.IOO) I. 
..L ..!.!... 
In the investigation 3 ' !)>. in order that the polymers' Tg 
may be lowered to the moderate region ( 100-200 ~ ), incorpora-
tion of the relatively flexible styrene unit into the alicyclic 
polymer chain was applied by the copolymerization of .!.. or ..!!. 
wl t h styrene. because the homopolymers · Tg are high and very 
close to the polymer decomposition temperature. And it was 
demonstrated that Tg could be controlled by the alicyclic-unit/ 
styrene-unit ratio in the copolymers. Concerning the control-
ling of Tg, except for the copolymerization, it is well-known 
that flexible pendant groups, such as alkyl groups, reduce the 
Tg of polymers by acting as " internal diluents" which lowered 
the frictional interaction between the chains. e> One of the 
objectives of this chapter , t herefore, was to investigate the 
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effect of alkyl substl tuent on the Tg of the polymer. More 
spectflcally, 5-alkyl-2-norbornenes .!!!. ) • which are the 
der 1 vatl ves of norbornene and which have the potential! ty to 
form Lhc polymers wj th alicyclic structure in the main chains 
and wit.h alkyl groups as side chains, were selected as monomers 
to Investigate the effect of substituents length on the 




C n 11 2n t 1 
In the cationic polymerizations of norbornene'> and n ~:>> 
- . 
rearrangement of the carbocation formed from the monomers 
r epo rted Lo frequently occur. l\1or·eover. Kennedy proposed 
that the relative polymerlzabllities a measure of degree of 
polymerization to be at.talned ) of cycloalkenes were explained 
on th0 basis of the ability of the first formed secondary 
cat ion Lo undergo a hydride shift to a nonpropagating tertiary 
cation. "' \\e thought that 5-alkyl-2-norborncncs have the 
abl l i tY to form the tertiary cation ( v.) from the first-formed 
secondary calion ( IV ) during the polymerizallon, as shown in 
eq.(l). Their reactivity, polymcrizability and polymer struc -
Lures. however, might be different from Lhose of non-
subst!Lut.ed norbornene. The other object of this chapter. 
therefore. is to study the effects of the alkyl substi tuents 
and their length on the monomer reactivity and polymerizability 




m IV v 
5- Alkyl-2 - norbornenes ( R-NB. where R = c,.,H 1 1, C7H 1 5 and 
were synthesized by the Diels-Alder reactions of 
cyclopentadiene with the corresponding 1-alkenes, and the 
cationic polymerizations of various R-NB (including R = II, Cll~'i . 
C2H~. CoH1, , C7Hto and CtoH2,) were carried out with the 
AlEtCl,lt.~r:t:-butyl chloride catalyst system in the same manner 
as described in the preceding chapters. s. 4 ' o> The effect of the 
substituent length on the monomer reactivity, polymerjzabiljty, 
and structure and thermal properties of the polymers were 
investigated, as described below. 
EXPERIMENTAL SECTION 
5- A1kyl-2-norbornenes . Norbornene (H-NB, Aldrich) and 
5-methyl-2-norbornene (Cl-NB) and 5-ethyl-2-norbornene (C2 - NB) 
(both from Mitsui Petrochemical) were used after d isti lla tion 
(see Table 1). 5-Pentyl-2-norbornene (C5-NB), 5-heptyl-2-
norbornene (C7-NB) and 5-decyl-2-norbornene (C10-NB) were 
synthesized by the Diels-Alder reactions of cyclopentadiene 
[CPO, formed in-situ via thermal retro Diels-Alder r eaction of 
dicyclopentadiene (OCPO) 1 wi th the corresponding 1-aJ kenes ( 1-
heptene, 1-nonene, and 1-dodecene, all from Wako Pure Chemical) 
as described elsewhere [eq.(2)); 0 ' 0 > CPD:1-alkenes 1:2 mole 
ratio, at 200 ·c for 30 min at a pressure of 10 kglcm 2 • The 
purities of the R-NB's after distillation were listed in Table 
-78-
1 together wl th other properties ( boiling point, and endolexo 
ratio ) of R-NB's. ' 3C chemical shifts of all R- NB's and their 
assignments were listed in Table 2 ( measurement conditions are 
the same as shown below for polymers, excepting: at r.t. ). 
+ 
(n = 4,6 and 9) 
Table 1. 









C 1 oH21 
Boiling Point 
·c / mmHg 
96 I 760 
115 I 760 
75 I 71 
68 I 3 
100 I 3 
140 I 3 
Molar Ratioa,b) 
of 
















a) Endo : ~H Exo: ~R 
R H 
b) Determined by 13C-NMR . 









































































































































































































































































~a ter ial s. AlEtCl:;o was commercially obtai ned from To soh 
Akzo and used as an n-decane solution without further purifica-
tion. Clh>Cl2, tert-butyl chloride (!-BuCl, Wako) and n-heptane 
(the Internal standard for GC analysis) were distilled over 
calcium hydride before usc. 
Polymerization Procedures. Polymer lzatlon was car r ied out 
under a dry nitrogen atmosphere in a 500ml baked glass reactor 
equipped with a stirrer and a condenser. The reaction was 
inl tiatcd by addi tjon of an AlEtCl:;o solution Into a monomer 
solution, and terminated with a prechilled ammoniacal methanol. 
The cocatalyst, 1:-BuCl, was added to a monomer solution before 
the addition of AlEtCl:;.o. The quenched poJymcrizallon reaction 
mixture was sequentially washed with a dilute aqueous acid and 
"ater to remove the Initiator residues. The product was 
recovered by precipitation of the organic layer lnto methanol, 
and was dr i cd in vacuum . Monomer conversion was determined by 
measuring the residual monomer concent1ra tl on by gas ch r oma to-
graphy wl th n-heptane as the internal standard. Polymer yield 
was determined by gravimetry. 
Characterization of P9l~mers. The molecular weight distri-
bul ion (M\\D) of the polymers ~as mea:sured by gel-permeation 
chroma Lography (GPC) in chloroform sol1u tions at room tempera-
ture on a Waters liquid chromatograph (150-C ALC/GPC) equipped 
w1 th a polystyrene gel column ( 7. 5mmiD x 60cm ) and a refrac-
tive Index (RI) detector. The Mn and l\1w were calculated from 
GPC curves on the basis of a polystyrene standard calibration. 
As an index of carbon-carbon double bond content in the 
Polymer, the iodine value (I. V.) was measured as previously 
reported ( the iodine monochloride method). 1 0 ' 
NMR samples were prepared by dissolving ca . 80 mg of the 
- 81-
polymer at 50 "C ln ca. 0.6 ml of CDCl::1 in a 5 mm o.d. glass 
tube. ' ;,C-t'.'lR spectra were recorded on a JOEL GX-500 spectro-
meter: 125.8MHz; pulse angle 45 • ; pulse repetition time 5.0s; 
spectral width 2000011z; number of scans 20,000; data point 64k. 
The '11 decoupled •=•c dlstortionless enhancement by polarization 
transfer (DEPT) method was also used to dlscrJminate the carbon 
spec ies. The spin-lattice relaxation time (Ttl measurement of 
the poly(C7-i\B) was made using the i nvcrslon recovery method. 
which consists of the usual [180 - t - 9o·-acquisitlon(l.64s) 
pulse delay(3.36s)] pulse sequence: ten different pulse 
separations (t); other conditions were same as shown above. 
Glass-transition temperature (Tg) was measured by 
differential scanning calorimetry (DSC) on a Seiko OSC- 220C 
Instrument with polymer samples of about 10mg under a nitrogen 
flow at a scanning rate of 10 "C per mln. 
RESULTS AND DISCUSSION 
1. PQ)~meriza!iQn~ 9f Various R-NB's 
Polymerizations of R-NB's with the AlEtCl2/!-BuCl catalyst 
system 3 > in CH.,Cl .. were carried out under various condl Lions 
(Table 3). All polymers listed in Table 3 were completely 
soluble in toluene. 
(A) Mqnomer Rea~tlvity and Polymerizabill~ 
The time-conversion curves for various R-NB's are shown in 
Figure 1. Monomer conversions after 3 h reached around 70% for 
H-NB but as low as 10% for other alkyl-substituted norbornenes 
1 rrespectl ve of the alkyl substi tuents' length. Therefore, the 
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1. Time-conversion curves for the polymerization of 
R ~D's in CHcCl:2 at -50 •c by AlEtCl:..>/t -B uCI ("' 30/10 
lr.1)o=l.OM. Type of R-NB: ( A ) 11 -NB: (6) Cl-1\B; ( . ) 
( 0) C5- B: ( e ) C7-NB; ( 0) ClO-NB. 
into the 5-posi tion of the norbornene ring remarkably reduced 
the monomer reactivity in cationic polymerization, whlle their 
length did not affect the reactivity. 
Figures 2 and 3, respectively, show the molecular weight 
distr J but ions (MWD ) and the number-average of degree of poly-
merization (DPn) of the various poly(5-alkyl-2 - norbornene)s 
obtained at -50~ with the initial monomer concentration of 1.0 
M. Although the MWD (Figure 2) did not clearly display the 
dl fference between the type of monomers, the DPn data ( Figure 
3 revealed that the polymerizability was decreased by the 
incorporation of alkyl groups, in a similar manner to the 
monomer reactivity. Therefore, it could be concluded that H-NB 
had a higher reactivity and polymerizability than those of the 
alkylnorbornenes. 
-84 -









2 3 4 
Log(MW) (PSt) 
Figure 2. MWD's of poly(R-NB)s obtained in CH?Cl<! at -50 ·c . 
Type of R - ~B and DPn as indicated: see Table 3 for the Mn data 
and reaction conditions. 
(c) CMJo(M) Temp(°C) 
(a) 1.0 -so 
10 '- (b) 1.0 -78 -
(b) (c) 3.0 -78 
Vi 
(c) (c) a. 
- 1-(o) r-
-
~ (a) (a) (a) (a) (a) ~ ~ 
~ ~ L---
c liS 5 
0 
R= H 
Figure 3. DPn's of poly(R-NB)s obtalned in CH2Cl2. [M)o and 
temperatures as indica ted: see Table 3 for the Mn data and 
reaction conditions. 
-85-
The observed results for the monomer reactivity and poly-
me rizability were interpreted as follows: 5 - Alkyl - 2- norbornenes 
have the possibility to form the tertiary cation ( y ), whereas 
H-NB does not. Moreover, under the cationic polymerization 
conditions there is no driving force for the tertiary cation 
( y. "bur led carbenium ion") to rearrange to the 1 ess stabl e 
secondary cation. and neither propagation (because of steric 
compression in the transition state of propagation) nor rear -
rangement can occur. The most probable process . therefore. is 
deprotonation ( termination ) to form the double-bond contain-
ing terminated ends ( Vl and VB ) shown in eq. (3). as reported 
by Kennedy for the system of 2- methylene norbornane. 8 > As 
discussed in later in the polymer struc ture section. the 
exist<'nce of the structures, Vl and VI, in the poly(5 - alkyl -
2- norbornene)s suppor ted the above consideration. 
v Vl 
(B) Effects of ~onomer Concentration and Temperature 
Figure 4 shows the effects of the initial monomer 
concentration. [t-1) o. and polymerization temperature on MWD of 
the H- NB (where R H. CHa and C:<>llr:s) polymers. lt was clearly 
observed that both increasing [M]o and lowering the temperature 
led to increase the molecular weight of the polymers. without 
changing the MWD so much. 
1 t was possible to synthesize the H-NB polymer with the 
DPn above 10. whereas alkyl-norbornenes formed the polymers 
with DPn of at most 5.5, even in the conditions of the higher 
-86-
(a) 
CMJo(M) Temp0:) (b) 
, 
' , .,(c) I (a) 1.0 -50 I /\ \ I (b) 1.0 -78 I I \ 
I . (c) 3.0 -78 I \ 
I \ 
I \ 
Type of R-NB \ \ 
\ · \ 




2 3 4 
Log(MW) (PSt) 
Flgurg_ 4. MWD's of poly(R-NB)s obtained in CH2Cl2. Type of R-NB, 
IM)o and temperatures as indicated: see Table 3 for the Mn data 
and reaction conditions. 
[M] o and the lower temperature. The molecular weight of the 
11 - NB polymer shown by Run No. 3 in Tuble 3 ( Mn = 1,170 ) is 
almost similar to that of the polymer synthesized by Kennedy''> 
Mn 1. 480 ) , where H-NB was polymerized by AlEtCl2, in 
C2ll r:sCl and at -78 ·c. As described in this section. it was 
reconfirmed that synthesis of the polymer from norbornene or 
its alkyl-substituted derivatives with a moderately high 
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molecular weight (= more than 10,000) was difficult to achieve 
even at a low temperature of -78 ~ by the conventional cationic 
method. 
2. Structure of R-NB PQlym~r~ 
The pJausible mechanism for the cationic polymerization of 
R-NB including initiation, propagation and cation rearrangement 
reactions can be proposed as shown in Scheme 1. according to 
the probab1e repeat unit structures in the cationically 
polymerized polynorbornene proposed by Kennedy.';>> In order to 
obtain the quantitative values of double bonds In poJymer 
chains, the I.V . values of the poJymers were measured and 
listed ln Table 3. The Mn values calculated from the I.V. data 
assuming each polymer chain contains one C=C bond at a 
terminated end were very consistent with Mn from GPC data. This 
result indicated that the deprotonation reaction of the 
propaga ling end is the predominant termination reaction 
(strictly, transfer reaction) and that each polymer chain has a 
double bond at the terminated end. Therefore. the structures of 
the repeat units of the polymers could be illustrated as shown 
in Scheme 2. 
In order to investigate the structure of the norbornene-
type polymer obtained by this cationic system, ' 3C-N~1R analysis 
on the C2-NB polymer sample (Run No.6) was carr Led out. The 
reason for the selection of alkyl norbornene polymer as a 
sample was as follows: By introducing the alkyl group into the 
polymer structure, the structure would be more easily analyzed 
than that of the H-NB polymer using the clue of ' 3 C chemical 
shifts of carbons in t he alky l groups and olefinic carbons to 
which the alkyl groups were attached. 
The ' 3 C-NMR spectrum of the para-ffinic carbon region 
[poly(C2-NB). Run No.6) was shown in Figure 5. The carbon 
-88-







X = 1Bu. H or R-NB 
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Figure 5. ' 3 C-NMR spectrum (paraffinic carbon regJ on ) of the 
poly(C2 - NB) (Run No. 6. Table 3 ). 
species of each peak we r e dete rmined by DEPT measurement. The 
peaks correspondi ng to the CII L> or CH carbons were observed to 
be complicated and broad. Therefore. a1ttention was focused on 
the relatively sharp peaks of CHa carbon. which is less 
susceptl ble to the endo or exo structure as observed in the 
monome r, at the higher field (higher than 15 ppm). 
The peaks of 12-14 ppm were assigned to the methyl carbons 
of the ethyl groups attached to types A, B. E. and F units, 
because the chemical shifts of the methyl carbons were expected 
not to change very much from those in C2-NB monomer. Other 
peaks of 9-11 ppm and around 8 ppm m.1ght be assigned to the 
-91-
methyl carbons of the ethyl groups bonded to a quaternary 
carbon (type C or D), since these high-field shifts were 
brought about only for the carbon having three r-carbon atoms. 
The reason why these peaks were scattered in the range of 8-11 
ppm might be attributed to both the neighboring structures and 
their cndo or exo bond directions. Within the two structures (C 
or D), type C ls more preferable considering the steric com-
pression in the transition state of propagation to form type D. 
The olefinic carbon spectrum was shown In Figure 6, where 
carbon species were discriminated by DEPT measurement. The 
peaks at 110-112 ppm and 140-142 ppm were asslgned to olefinic 
C-8 and C-5 carbons in the structure VI, respectively, on the 
basis of C-8 and C-5 carbon chemical shlfts 1 :1) of 
5-ethylldene-2-norbornene ( ~. shown in the inset of Figure 6). 
I~ 
7 
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(ppm) 
Figure 6. 1 3 C-NMR spectrum olefinic carbon region ) of the 
poly(C2-NB) [Run No. 6, Table 3 ]. 
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The peaks resonatlng at 146-148 ppm might be assigned to the 
olefinic carbons without hydrogen in types A, D (structure w ). 
and E by the substl tuent effect rule. 1 ~> giving ca. 10 ppm 
lower shift by an alkyl substituent. The peaks in the range of 
122-136 ppm were difficult to assign because of the competing 
substituent effects. However, these peaks were probably 
attributed to -CH= carbons in the structures of types A. 8, c. 
D. E. and F. 
As descr 1 bed above, 1 t could be concluded that the repeat 
unit structures of types A, B. c. E and F shown in Scheme 2 for 
the R-NB polymer prepared by the cationic system are consistent 
with the NMR data. Furthermore, the confirmation of the 
existence of an alkyl group attached to a quaternary carbon 
(type C) and the terminated end structure of VI indicated that 
the intermediate of the tertiary cation, )!_, shown in eq. (3). 
exists during the polymerization of R-NB. Therefore, the 
observed phenomena on the polymer izabili ty and the reac t1 vi ty 
of R-:•m discussed in the polymerization section was clearly 
interpreted by the existence of the cation v. 
3. Tg of PolLmers 
Tg and physical appearance at 23 "C of all polymers were 
shown in Table 3. The molecular weight dependency of Tg for 
various a 1 kyl-subs t l tuted norbornene polymers DPn vs. Tg ) 
was also shown in Figure 7. Tg drastically increased with 
increase of DPn in this oligomer region ( DPn : below 12.4 ) , 
and the longer substituent reduced the Tg. Interestingly, the 
Tg of Cl-NB and C2-NB polymers were found to be almost the same 
level of that of non-substituent H-NB polymer in the similar 
DPn region. That is, the Tg of the polymers at the same DPn ( = 
3- 4 ) decrease in the following order: 


















Fl_gurg___l. Tg of poly(R-NB)s as a function of DPn (by GPC). Type 
of R-'B as indicated. 
In order to explain the effect of the length of alkyl 
substituent on the polymer's Tg, an attempt was made to 
determine the atomic mobility of each carbon in the substituent 
through their relaxation times (T1) measured by the inversion 
recovery method. 10> Although Tg of a polymer basically 
reflects a molecular motion at a glass-rubber trans! t!on in a 
solld state, we measured the relaxation time. as an alternative 
measure of atomic motion, in a solution state for convenience 
sake, assuming that the relative mobility of each carbon in the 
alkyl substituent at a solid state is in parallel with that in 
-94-
solution state. 
Figure 8 shows the 13C-NMR spectra of poly(C7-NB) [Run No. 
9) measured by the inversion recovery method wl th different 
pulse separations (t). The relaxation time (T1) calcula ted from 
cq. ( 4 ) for each carbon ln the alkyl substituent was listed in 
Table 4. 
M( t) Mo X [ 1 - 2e- ( t/T I) ] (4) 
where M(t) peak intensity at t 
Mo peak intensity at t~ oo 
T 1 relaxation time 
The dipole-dipole mechanism generally dominates 13C r elaxation 
behavior. Therefore, if the number of hydrogen atoms attached 
to a carbon is the same, the relat !on between T1 and the 
rotational correlation time ( rc) shown in eq.(5) can be 
appl I ed. 1 o> 
( 5) 
That ts. T 1 is inversely proportional to the rc where rc 
repr<'sents an average time during which an atom stays at the 
same place. In other words. the faster the motion of a carbon 
atom is. the larger T1 becomes. 
As shown in Table 4, T 1 's of carbons consisted of the 
alicyclic structure in the main chain are almost in the same 
range as those of C-1 and C-2 carbons in the alkyl side chain 
(T 1 = 0.14- 0.43). On the other hand, T1's of carbons from C-3 
to C-7 in the alkyl side chain becomes larger wl th being more 
remote from the main chain. Therefore, it could be concluded 
that the decrease of the Tg wl th increasing the number of 
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Spin-lattice relaxation time of carbons in the C7-NB polymer 






C-4 1. 01 
C-5 1. 44 
C-6 2.31 
C-7 3.46 
Carbons in main 
chain alicyclic 0.14-0.29 
structure 
a) For numbering of carbons; see Figure 8. 
mobility of the substituent in the polymer as an internal 
diluent. Moreover, the fact that the Tg's of Cl-NB and C2-NB 
polymers were almost in the same level of that of non-
substi tucnt H-NB polymer could be intE~rpreted by the smaller 
values of T, for C-1 and C-2 carbons in the alkyl group, whi ch 
were equivalent to those of carbons in the alicyclic main chain 
structure. 
- 97-
REFERENCES AND NOTES 
1) L.H. Sperling, "Introduction to Physical Polymer Science", 
Wiley- Interscience. New York, 1985, Chapter 6. 
2) A. Mizuno, M. Onda, T. Sagane, Polymer, 32, 2953 (1991). 
3) Chapter 1 of this thesis; Makromol. Chern .. 193, 2081 (1992). 
4) Chapler 2 of this thesis; Makromol. Chern., 193, 2091 (1992). 
5) Chapter 3 of this thesis; Makromol. Chern., in press. 
6) Polymethacrylates [ S.S. Rogers, L. Mandelkcrn, .J. Phys. 
Chern., 61. 985 (1957) ] ; poly-p-alkyl - styrenes I W.G. Barb, 
J. Polym . Sci., 37, 515 (1959) ]; poly- a - olcfins [ M.L. 
Dannis. J. Appl. Polym. Sci., 1. 121 (1959); K.R. Dunham, .J. 
Vandenbergh, J.W.H. Farber, L . E. Contois. J. Polym. Sci., 1A, 
751 (1963) ] ; and polyacrylales [ J.A. Shetter, Polym. Letl., 
1. 209 (1963) J. 
7) J.P. Kennedy, "Cationic Polymerization of Olefins: A 
Critical Inventory'', John Wiley & Sons, New York, 1975, 
p. 228, and reference therein. 
8) J.P. Kennedy, H.S. Makowski, J. Polym. Sci., Pa rt c. No.22, 
247 (1968). 
9) (a) R. Ohm, C. Stein, Encyclop. Chern . Technol .. 3rd. Ed., 18, 
436 (1982). (b) Fr. Demande 1,535,460 (July 1. 1968), J. 
Verge, C. Pailloux, J.-C. Muller, J.-c. Robinet ( to 
Charbonages de France ) ; U.S. Pat. 3,557,072 (Jan. 19, 1971) 
( to Charbonages de France ). 
10) T.S. Lee. I.M . Kalthoff, E. Johnson, Anal. Chern., 22, 995 
(1950). 
11) J.P. Kennedy, H. S. Makowski. J. Macromol. Sci. , (Chern. ) , hl , 
345 (1967). 
12) J.P. Kennedy, Encyclop . Polym. Sci. Techno!., I . 754 
(1967). 
13) w. Bremser, L. Ernst, B. Franke, R. Gerhards, A. Hardt, 
-98-
P.M.E . Lewis. "Carbon - 13 NMR Spectral Data", 4th Ed., 
Verlag Chemie, Weinheim, 1987, References 32907 and 32913. 
14) G.C . Levy , G. L. Nelson, "Carbon - 13 Nuclear Magnetic 
Resonance for Organic Chemists", Wiley- Interscience, New 
York, 1972, Chapter 3. 
15) Ref. 14) , Chapter 9. 
16) F .W. Wehrli, T. Wirthlin, "Interpretation of Carbon - 13 NMR 
Spectra", Heyden, London, 1978, Chapter 4. 
-99-
PART ll 
SYNTHESIS OF POLY(VINYL ETHER)S 
WITH RIGID AROMATIC PENDANT STRUCTURES: 
CONTROL OF LIQUID CRYSTALLINITY 
CHAPTER 5 
EFFECTS OF MOLECULAR WEIGHT DISTRIBUTION ON THERMAL PROPERTIES 
OF SIDE-CHAIN LIQUID CRYSTALLINE POLY(VIlfYL ETHER)S WITH PENDANT 
BIPHElfYL MESOGENIC GROUPS 
ABSTRACT 
Three biphenyl-containing vinyl ether monomers: 2-(4-
biphenyJoxy)ethyl vinyl ether ( 1 ), 2-(4-biphenylcarboxy)ethyl 
vJnyl ether ( n ), and 2-(4'-methoxy-4-'biphenyloxy)ethyl vinyl 
ether ( m ) , were cationically polymer! zed wl Lh the hydrogen 
iodide/iodine (Hl/I.d initiator system 1::o form living polymers 
with narrow molecular weight distrj butions. The thermal 
properties of the polymers were determined by DSC and by visual 
observations of samples placed on a hot stage on a polarizing 
microscope. Polymer I and Polymer n formed only isotropic 
melts, but Polymer m showed enantiotropic, liquid crystalline 
(LC) behavior. and formed both smectic and nematic phases after 
one heating and cooling cycle. For comparison, polymers were 
also prepared with boron tr if 1 uor ide etlhera te ( BFaOEt.,) as the 
initiator. Polymer m obtained with this initiator had a much 
broader molecular weight distribution and formed only a nematic 
phase. At approximately the same molecular weight, this sample 
also had a much higher isotropization temperature than the 







Llquld-crystalllne polymers (LCP) can contain mesogenic 
units either in the main chain or in the side chain , and both 
types arc of theoretical and practical interest. 1 ' Jn contrast 
to the main chain LCP, the liquid crystalline order of side 
chain LCP is generally closely related to that of the mono 
mer,:o>> so side chain LCP are of value for investigations on the 
relationship between mesogenic unit structure and mesophase 
type in polymers as compared to low molecular weight mesogens. 
Side-chain LCP can be prepared by three diffe r ent r outes 
lncJucllng addition polyme r ization, condensation polymerization 
and post-reactions of polymers . 2 ' 1\mong the three methods , the 
most convenient app r oach Is to introduce the mesogenic unit 
beforehand into a r eactive monomer capable of unde r going 
addition or c hai n- gro wt h polyme r izat!on. 2 ' Howeve r , for the 
most part, the side chain LCP prepared by chain-growth 
polymerization have been llmi tPd to polymethac r ylates, :1> 
polyacrylatcs. 3 ' and polystyrene derlvatives , 4 ' and ve ry few of 
these i nvest.Jgations we r e concer ned with the contro l and e f fect 
of molecu l nr we igh t dist r ibut ion on t he p r o perties o f t he LCP. 
One example of such control is the preparation of polymetha-
crylates by group-transfe r polymerization. 15 ' but t he molecular 
Y. eight distributions of these polymers were still quite b r oad 
( 'lfw j \Jn - 1. 2 1 . 8) . 
Recent l y , Higashimura and cowo r kers have developed a ne w 
living cationic polym<'rlzation procedur e for vinyl ethe r s and 
propenyl ethers using an HI/I2 initiator system. 0 A> By t h is 
technique. in contrast to conventional cationic polyme r ization. 
even vi nyl ethe r s con ta ining polar gro up s can be polyme rize d in 
a polar sol vent s uc h as CH2Cl2 t o f o rm livi ng polyme rs . The 
au thor· s goal, t herefor e . was to p r e pa r e side c hain LC poly-
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(vinyl ether)s with controlled molecular weight distributions 
by using th i s type of llvlng cationic technique. If polymers 
with na r row distributions could be made In this manner, the 
effect of molecular weight on thermal properties could be 
determined without the undue Influence of the component loY. and 
t1igh molecular weight fractions. For this purpose, poly(vinyJ 
cthcr)s were prepar ed by the living cationic polymerization of 
monomers containing biphenyl groups, Including I . u . and m 
below: 
en =CH 
2 1 ~ 
O- CII2 - C112 -o-QV 
n 
m 
The cation!~ polymerization reactions of and ill ~> 
initiated w! th conventional Lewis acids were previously 
reported, and HS expected, these reactions yielded polymers 
Y..ith broad molecular weight distributions. Living cationic 
polymerization reactions of 1 , n . and m. which were ~arr·ied 
out in the prc<>ent chapter, gave narrow molecular weight 
distr i butions, as described below. 
EXPERIMENTAL SECTION 
Mono mer ~nth~sli . Mo nome r s I . u. and m we r e p r epar ed 
by t.he phase transfer-ca ta I yzed condensation of 2-ch I oroethyl 










( I ) 
nBu4NH I \ 
II) 
HO-fi--15\--0H 1. NaOH , (CH~2S04 
~ 2.HCI 
NaOH Ho{~OCH3 (Ill) 
Scheme 1 
and 4- (4'methoxy-phenyl)phenol. 0 > respectively, i n the presence 
o f a catalytic amount of tetrabutylammonium hydrogen sulfate or 
tetrabutylammonium iodide as shown in Scheme 1. The three 
monomers were purified by recrystallization from me thanol, and 
the mel t ing points and the chemical shifts of the 'H- NMR 
spectra of the monomers are summarized in Table 1. 
Materials. The hydrogen iodide (HI), iodine (I2l, and 
boron trifluoride etherate initiators and the 
solvents (toluene, dichloromethane, and n- hexane) were purified 
and us ed as previously reported. 0 > 
Polymerization Procedures. Cationic polymerization reac-
tions were carried out in predried Schlenk tubes equipped with 
a three-way stopcock under a dry 011 trogen atmosphere after the 
solid monomers were degassed. The reactions with BFsOEt2 were 
carried out by adding the initiator solution to the monomer 







Characterization of the monomers 
b) 
Tc 'H- NMR chemical shift 








































f ,g 4 
a) Determined by DSC (taken from the 2nd heating cycle thermogram). 
b) Determined by DSC (taken from the lst cooling cycle thermogram) . 
c) 
Td, deisotropization 
C Ha2 = C Hb 
temp.; Tc, recrystallization temp. 
He Hf H9 Hh 
I c d 
0 - Cl12 - CH2-X 
I. X= 0; II, X= OC(=O); III, X= 0. 
i i ) H {or- O C H) 
d) Monotropic liquid crystalline phase was identified with the polarizing 
microscope (mosaic texture characteristic of smectic phase was observed). 
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n-hexanr ~as added to the monomer solution, and an Iodine 
c;olutlon was then added to this mixture to Initiate polymeri-
zation. The reactions ~ere terminated with cold ammoniacal 
m~thano I. The quenched 
prC\'I ous I y rcpor ted, n 
determined by gel 
polymerization solution was washed as 
and the conversion of monomer was 
permeation chromatography (GI'C, sec 
concfll Ions shown below). All polymers were purlfiNI by 
precipltat ion from CII,,CJ:? solutions into methanol and were 
dried in vacuum. 
Chantctcrizatlon of Monomers and Polymers. The molecular 
weight distribution of the polymer was measured by GPC on 
sampl<'s in CIICl:• solutions on 'Waters 1 !quid <'hromatogr·aph 
equ i PP<'cf w I t h r I vc polys tyrenc gel co I umns ( 8mm x 2:km ca<:h) and 
a refractive Index (RI) detector. The number-average molecular 
weight. (Mrl) and weight-average molecular v.c1ght (1\h\) were 
cal<:ulatcd with the usc of a polystyrene calibration <·unr. 1 11-
and 1 ~1C-\\1R spectra v.cre obtained with Varian XI -200 and XI -300 
spectrometers In COCL1 at room temperature. In the •·•c-\'1R 
spectra of polymers (see Figures l. 2, and 3), the absorptions 
or the mcthylcnc (-Cib-) and the methinc (-Cit-) <'arbons In thC' 
main chain structure appears at 40.9, 39.2 (-CII-.~-) and 74.9 ppm 
(-CII-) for polymer 1 
for poI ymr r II ; 41 . 4, 
40.6, 
40.8 
39.2 ( -CII?-) and 74. I ppm ( -CII-) 
( -CH:?-) and 74. 1 ppm ( -CII for 
polymer· 111. The spectra also show that the signals of the 
pendant groups containing oxyethylene unit I Cll:.• CIL·-0-l, 
c thy I enc es tC' r un I t I -CH ?-CH <?-0-C ( =,0)-] and b i phC'ny I group arc 
exactly the sume as those of corresponding monomers. All 
polymers nlso showed the expected 'ti-~~R spectra. 
Thermal analysis was carried out on a Perkin-Elmer OSC-2 
Instrument with polymer samples of about 10 mg under a nitrogen 
flow at a scanning rate of 10 ·c /min. Indium and naphthalene 
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( I ) 
t JJ t) a' Poly (I ) 
---------A---A-N ~L_ ______ JV~UL----~M~--------
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, ., R f 1· d poly 1 obtain"d with 111/1.., F!_g_ure 1. · C-NM spectra o an ~ 


















Figure 2. ' 3 C-NMR spectra of n and poly n obtained with III/I<? 










-t Ca'-~b' tn 
o-c-c-
fj 
l-,...1 ~--J L_"" LA Poly(lll) 
200 150 100 50 O(ppm) 
Fi&.Y.re 3. ' 3 C-NMR spectra of m and poly m obtained with HI/12 
in CII2Cl:<> (Run No. 10 of Table 2). 
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were used for the calibration of the temperature scale. The 
melt behavior of the polymers was visually observed using a 
capillary melting point apparatus and a polarizing microscope 
cqulpp~d with cross-polarizers and u hot stage. 
RESULTS AND DISCUSSION 
1. Living PQlymer!zat_ign 
The possibility of carrying out a living cationic poly-
mcrizat ion of the biphenyl containl1ng vinyl ethers (monomers I. 
u. and m I was Investigated using the IH/L· initiator system. 
A conventional cationic initiator. BFaOFt<?, \\-<lS also used as an 
initiator for comparison. The polymerization reactions of 
monom0rs I • n. and ill by both Initiators gav<' soluble 
polymers. Figure 4 shows the GPC plots of the molecular weight 
distributions of the polymers thus obtained. As reported by 
Higashlmura and coworkers, for other vinyl ethers, 11 > the 
polymerization of monomers 1. 11, nnd m by 13F~~oEt:? gave broad 
distributions Yolth ~/i>ln values ranging from 2.5 to 3.0, which 
arc normal for cationic polymerization reactions. In <'ontrast 
the 111/l? initiated polymers had very narrow distributions with 
'\h\/"'1n ratios ranging from 1.2 to 1.4. 
Typical data for representative polymerization condiUons 
and mol<'cular weights of th<' polymers obtained are summarized 
In Tab\<' 2. The living character of the polymerization reac-
tions of I. u. and m ini tlated by the HI/I., system was indi-
cated not only by the narrow distributions shown in Figure 4, 
but a I so by the rela tlonsh I p bet we· en polymer 1 zatlon reactants 
and '\1i1 in many cases and the observation that Mn of the poly-
mers Increased proportionally to the monomer- to- ini tla tor feed 
molar ratio (IM)o/(HI)o) and to the molar ratio of monomer 
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Polymer Mw/Mn 
A 2.7 ( 1) Polymer Ill Mw/Mn 
1.2 A fA 2.5 (9) B ( 2) B 1.2 (10) 1. 2 (4) B 
B 1ft 1 . 2 (11) Polymer II B 1. 4 (12) 3. 0 A (5) 
B 1.3 (13) 
B 1 . 2 (7) 106 105 104 103 102 MW (PSt ) 
1 . 2 30 35 40 45 50 55 E.V.( ml ) B ( 8) 
106 105 104 103 102 MW{PSt) 
30 35 40 45 50 55 E.V.(ml) 
Figure 4. Molecular weight distributions of Polymers I. D. and 
m obtained by initiation with: (A) 8F30Ft? and (B) 111/l<?; 
numbers in par·entheses indicate the reaction number in Table 2. 
consumed-to initiator. as shown by the data in Table 2. 
In spt te of their bulky substi tuents. all three monomers 
could be readily polymerized by the IIlli~ initiator system in 
the same manner as other vinyl ethers 1 1 > to form polymers of 
the expected structure: 
( -X- : -0- or -0-C- -Y : -H or-OCH ) 
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2. Therm~l Properties of !h~ Polymers 
Typical OSC thermograms of Polymers and D obtained by 
the 111/I:<> initiator are shown in Figure 5(A) and (B). Both 
polymers showed only Tg transitions; Polymer at about 56 ·c 
and Polymer n at 32 ~. Neither polymer showed any indication of 
the presence of a crystalline or liquid crystalline endotherm 
1 n the thermograms. The Tg of Polymer I was the same as that 




a ~---Tg_--------- --- - -------~-~-~--~-~b 













0 20 40 80 160 180 
TEMPERATU RE (°C) 
Fi~S. OSC thermo grams of (A) Polymer by Hl/1?, (B) Polymer 
n by III/I?, (C) Polymer m by BFsOEt2, and (D) Polymer m by 
HI/I:<>. [(A) No . 4, (B) No. 6. (C) No. 9. (0) ~o. 11. in Table 2 ; 
a) t h e first heating cycle. b) the first cooling cycle. c) the 
second heating cycle.) 
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1 n contrast, the thermograms of all samples of Polyme r m 
showed at least one endotherm and ln some cases two. as seen in 
Figure 5(CJ and (D) for the DSC thermograms of Polymer m 
obtained by inltlatlon with BF~OEt:<> and HJ/h•. respectively. 
The thermal trans! tion data and calculated data for thermo-
dynamic properties for all o;amples of Polymer m arc collected 
together in Table 3. The BF30Et:<>-initiatcd polymer showed a 
glass transition at 157 ·c and an endothermic transition peak, 
T 1. at 190 ·c J n the fIrst heat J ng cycle and an exothermic 
transition peak. T:;-, at 160 ·c in the first cooling cycle in 
Figure' 5(C). An endothermic t rans! tlon peak. designated T:> in 
Figure 5(C), at 185 ·c was also observed In the second heating 
cycle. 
The trans! t1on values of the lll/I 2-ini tiated polymers were 
dlffC'rcnt from those of the former. A glass transition at 134 ~ 
and an endothermic transition peak, T1, at 174 ~ in the first 
heating cycle are seen in Figure 5(0). whil e two exothermic 
transition peaks. T2 and T3, at 133 ~ and 121 ~. respectively, 
are evident In the first cooling cycle. Two endothermic 
trans! tlon peaks. T4 and T~. are seen at 145 •c and 160 ·c in 
the second heating cycle. After the first heating cycle. 
subsequent cycles on each polymer gave virtually identical DSC 
thermograms. 
ln order t o identify the tran.sl tlon peaks T1 to T!) in the 
DSC thermograms of the polymer, texture observa tl ons were made 
of all samples of Polymer m with a polarizing microscope. The 
sample of the BF30Et2-inltiated polymer showed thread-like 
textures characteristic of the nematic phase 1 2 > at the 
temperature just below T:<> in the cooling cycle and just below 
T!) (or T1) in the heating cycle. as shown in the photomicro-
graphs in Figure 6. On the other hand, Polymer ill samples 




























between T2 and Ta (also between T4 and T~. and just below T,) 
and focal-conic textures characteristic of the smectlc phase•~> 
at temperatures just below Ta (or T4), as shown In the photo-
micrographs in Figure 7. 
None of the samples of Polymer m obtained wl th ei thcr 
BFaOEt~ or Hl/!2 showed glass transitions in the DSC 
thermograms after the first heating cycle. The virgin polymers. 
which were obtained by precipitation from solution, were the 
only samples wh ich showed a Tg. The Tg trans 1 tl on may over lap 
with the T2 (or T~) transition in the BF~O~t2- lnfttated samples 
and with the Ta (or T"') in the Hl/l2-in1Liated samples after 
one heating cycle. That is, the Tg transition may have shifted 
to a higher temperature after the first heating and cooling 
cycle possible because the glassy state so formed differed from 
that of the vi rg in polymer. The vi rgin polymer as precipitated 
may have had either a poorly ordered nematic structure, or may 
have even been isotropic, while the glass formed after the 
first hea ting and cooling cycle may have been in an ordered 
nematic state (the 8Fa0Et:...-1n1tlated samples) or ln a smectlc 
state (the HI/I2-initiated samples). 
Each t ransition peak, and each phase before and after the 
peak, could be identi fled, and the transi tJ ons are represented 
in Figure 8, in wh ich Tx-y indicates the transition temperature 
from the x - phase to y-phase. The assigned transitions are also 
indicated in Table 3. Observations on a capillary melting point 
apparatus gave the same r esults. 
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Broad MWD Polymer III by BF30Et2 
Nematic Glass < 
T2 (•Ti-n) 
(more ordered) 
~arrow MWD Polymer Ill by HI/I 2 
~~~~}f:~~}-~~~~!~[G~g[J-~T~1~(~=~T~n~-~1~· ) V1rg1n Polymer: !Nematic Glass Nematic LC  
(less ordered) I 
T3 1 •Tn-s) T2 {aTi n) ~ L.(s_m_e_c_t_1_c_ c_l _a _s _s .JJ< > !Nematic J£1< > !Isotropic J 
T4 <~Ts-n) T5 (sTn-i) 
Figure 8. Schematic representations of the comparative thermal 
transitions of the broad and narrow distribution polymers. 
3. Molecular Weight De~enden~ 
The molecular weight (Mn) dependencies of the thermal 
transitions of Polymer m are shown by the data in Table 3. The 
narrow MWD samples of Polymer m in the molecular weight range 
of 1.800 to 6,000 showed only a slight effect of Mn on Tg, 
Ts· n, and Ti-n. Thus, Tg and Ts-n increased and, surpr is 1 ngly. 
TI-n decreased with increasing ~n. but Tn-i and Tn-s were not 
affected by this molecular weight variation. 
The data in Table 3 also indicates that there is some 
mol ccular weight dependency on the thermodynamic parameters, t::.ll 
and t::. S. That is, t::.lls-n and t::. Ss·-n decreased and t::. Hn-1 and 
t::.Sn Increased with increasing the Mn, but the summations of 
t::.lls-n • t::.Hn-i and t::.Ss-n + t::.Sn-i were not affected by changes 
in Mn. 
For the broad distribution sample of m, Polymer 9, 
obtained with the BFaOEt2 initiator , all of the observed 
transi lion temperatures were higher than those for the narrow 
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dlstrlbution sample, but the !J.H and !J.S values for the transi-
tions of the nematic glass phase to isotropic phase were almost 
the same level as the values of !J. Hs-n + !J. Hn-1 and !J. Ss-n + 
!J. Sn - 1 , respect! vely, of the forme1r. Possibly the Tg and Tn-1 
values are more strongly affected by the higher molecular 
weight fraction of the broad distribution samples, and 
considering the inverse relationship for the narrow fraction 
polymers, perhaps Ti-n is affected more by the lower molecular 
weight fraction of the broad distribution. In contrast , the sum 
of the !J.H and !J.S value from the smectJc to nematic to 
Isotropic phases was not affected by the molecular weight of 
the polymer, as seen in the results for the narrow distribution 
polymer samples in Table 3. 
The possible sensitivity of the Tg transition of the broad 
d 1 str 1 but ion sample of polymer 9 to the hJ gh molecular we 1 gh t; 
fraction may be responsible for the observation that it did not 
show a smectic phase. That is, the glass transition temperature 
of th0 nematic mesophase may be above the Ts-n temperature for 
this polymer so that on cooling tlhe polymer becomes immobile 
before it can rearrange to form the smectlc phase . Hence, the 
presence of a higher molecular weight fraction may cause the 
resulting increase of the Tg of the nematic phase preventing 
the formation of the smectic meso,phase. If so, this polym0r 
would have a monotropic smectic phtase relative to Tg. Perccc 
and coworkers reported 0 > that their sample of polymer m, whi ch 
was obtained with the BFaOEt2 initiator, showed a smectic 
texture below its isotropization temperature of 173 ·c, but they 
did not observe a Tg for their polymer, and they did not report 
a molecula r weight for their sample. 
-122-
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CHAPTER 6 
MOLECULAR WEIGHT EFFECTS ON THERMAL PROPERTIES OF SIDE-CHAIN 
LIQUID CRYSTALLINE POLY(VINYL ETHER)S WITH PENDANT CYANOBIPHENYL 
MESOGENIC GROUPS 
ABSTRACT 
A vinyl ether monomer containing a cyanoblphenyl group, 
2-(4' - cyano- 4-biphenyloxy)ethyl vinyl ether (CBPVE), was 
cationically polymerized with the hydrogen Iodide/iodine 
(III/I:.>) initiator system and with the hydrogen iodide/zinc 
iodide (HI/Zni2) initiator system to form narrow molecular 
\H~ lght distribution (r>1WD) polymers. Both of these initiators 
have been shown to yield "living polymer" polymerization 
reactions. The thermal properties of the poly(CBPVE) were 
determined by DSC and by visual observations of samples placed 
on a hot 
which had 
1.02-1.1) 
stage on a polar 1 zing microscope. Polymer samples 
Mn values 1 ess than 2, 600 and a narrow MWD (Mw/Mn = 
showed enantiotropic liquid-crystalline behavior and 
formed a smectic phase after one heating cycle. In contrast. 
the polymer sample having Mn values greater than 2,600 and a 
reasonably narrow ~WD (1\lw/~n 1. 2-1. 3) prepared with these 
initiators, and also polymers prepared with a boron trifluoride 
etherate (BF::t0Et2) initiator which had a broad "'1WD (r>fw/'fn = 
2.1. r.fn=4,400), formed only isotropic melts. These molecular 
weight effects on the thermal properties of poly(CBPVE) are 
discussed. 
en = en 2 
b-cn2- cu2- o--Q--O-cN CBPVE 
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INTRODUCTION 
Side-chain liquid-crystalline polymers. LCP. arc of 
interest for a variety of applications. especially in the field 
of elcctrooptics. I) Although it has been long known that 
molecular weight and molecular weight distributjon arc 
impo rtant factors that affect the thermal properties of LCP. ? > 
the re have been very few reports on this effect. 
Chapter 5 of this thesis described the differences in 
thermal properties of LCP with both narrow and broad molecular 
wright distributions. MWOs. which were prepared from 2 (4' 
methoxy-4-biphenyloxy)rthyl vinyl ether by both a living and a 
conventional cationic polymerization rcactions. 3 > In that 
c hapter. the author described the propertles of a poly(vinyl 
ether) with a mesogen ( I ) having an electron-donating group, 
the mcthoxy group (OCII3), at the terminal position of thf:' side 
chain. In this chapter a polymer with a mcsogen ( n ) having an 
electron-withdrawing group, the c:yano group (CN). at the 
terminal position was prepared. 
n 
Cyanobiphenyl-containing low molecular weight LC compounds 
arc used for display devices. so their LC properties have !)een 
thoroughly studied. It is known that the highly polar cyano 
group attached to one end of the b i pheny 1 group causes the 
formation of an antiparallel. near-neighbor pairing."'·~> It is 
of interest. therefore. to find out what occurs when a mesogen 
u ) with a cyano group at its terminal position is attached to 
a polymer backbone as a side chain. In that type of structure. 
it may be less likely to form the antiparallel pairing and more 
-126-
likely to show a normal smectic ordering."> Moreover. from the 
author's previous study, 3 > it will be important to determine if 
the phase-transition phenomena of the cyanobiphenyl group 
containing polymers are also effected by their molecular weight 
distribution. 
For this purpose. a series of poly(vinyl ether)s contain-
ing a pendant cyanobiphenyl group but having d 1 fferent "'1WDs 
were prepared by both a living cationic polymerization reaction 
and a normal cationic polymerization reaction of 2-(4'-cyano- 4-
bi pheny loxy) ethyl vinyl ether ( CBPVE). The thermal properties 
of the polymers so formed were examined 1n relation to their 
molecular weight and MWO. 
CBPVE 
EXPERIMENTAL SECTION 
2-(4'-Cyano-4-biphenyloxy)ethyl vinyl ether 
(CBPVE) was prepared by the phase-transfer-catalyzed condensa 
tion of 2-chloro~thyl vinyl ether with sodium salt of 4- ( 4-
cyanophenyl)phenol in the presence of a catalytic amount of 
tf:'trabutylammonium hydrogen sulfate, 0 ' as shown below: 
CH2=CH 
0 CH2CH2CI + Na+-o-{Q>-Q-cN - CBPVE 
CBPVE was purified by recrys tall i za tion from methanol. mp l 05 
~ (by DSC). The hydrogen iodide (HI). iodine (I2). zinc iodide 
(Zni2), and boron trifluoride etherate (8FaOEt2) initiators and 
the sol vents (methylene chlor1 de. rr-hexane. and diethyl ether) 
were purified a nd used as previously reported. 7 ' m 
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Polymerization Procedures. Cationic polymerization reac-
tions were carried out as previously reported.:-l.n.o> All poly-
mers were purified by precipitation from CH:<>Cl;- solutions into 
methanol and were dried under vacuum. 
Frac t lona Uon and Blending Proc~dures. f- ractl ona t ion of 
polymer 8 of Table 2 and Figure 7 was carried out using a 
methanol/acetone (2/1 v/v%) mixture solvent at room temperature 
at a concentration of 100 mg of P'olymer In 10 ml of solvent. 
The 1nsolubl e fraction. designated B-11. was recovered by 
flltratlon. and the soluble fraction, B-L, was recovered by 
evaporation of the solvent. 
For the prepara t1 on of polymer blends. the two poJ ymers 
were dissolved in methylene chloride at room temperature at a 
concentration of 100 mg of total polymer in 10 ml of solvent. 
In this manner. blends of polyme1·s 8 and D of Table 2 and 
Figure 7 were prepared. The polymer blend was recovered by 
precipitation from solution into methanol and dried under 
vacuum before characterization. 
Characterization of Monomers ,and Po_lym~r~. The molecular 
weight distribution of the polymer was measured by ere in CIICla 
on a Waters Associates, Inc., liquid chromatograph equipped 
with five polystyrene gel columns (8 mm x 23 em each) and a 
refract! ve Index (RI) detector. T:he number-average molecular 
weight (MO) and weight-average molecular weight (Mw) were 
calculated with the use of a polystyrene calibration curve. 111 -
and 13C-NMR spectra were obtained wl th Varian XL-200 and XL-300 
spectrometers in CDC13 at room temperature. The chemical shifts 
of the 111- and 13C-NMR spectra of the monomer (CUPVE) and the 




'H and ' 3 C-NMR chemical shifts for the monomer and the polymer 
1H-NMR 13c-NMR 
8 (ppm) proton 8 (ppm) carbon 
Monomer 
4.00-4.40(m) a,c,d 67.0. 67.3 c,d 
a a b b 
87.9 a C H 2= C H 
I 
6.55(d of d) b 111.0 0 
lc c 
116.0 f C H 2 
ld d 
6.95-7.20(m) f 118.8 m C H 2 
I 
0 127. 8. 129 . 1 j,g 




Hi 160.0 e 
Hk 
Polymer 1.0 - 2.0 a 39.6, 41.8 a 
74.3 b' 
a' a' b' b' 
3.4- 4.3 b'. c.d -CH2-CH-
I 
The signals of the 0 
I 
R 6.6- 7.1 f pendant group(R) are 
at the same position as 
7.1 - 7.9 g,j,k those of the monomer. 
a) Chemical shifts are given in ppm relative to TMS. 
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Th<'rmnl analyses were carried out on a Perkin-Elmer DSC-2 
Instrument on polymer or monomer samples of 5-J 0 mg under a 
nitrogen flow at a scannJng rate of 10 ·c /min. Indium and 
naphthalene were used for the calibration of the temperature 
scale. The melt behavi o r of the polymers was also visually 
observed by using a polarizing microscope equipped with cross -
polarizer and a hot stage. 
RESULTS AND DISCUSSION 
1. Polymerization of CBPV~ 
Cationic polymerization of CBPVE was carried out using the 
HI/l 2 or the HI/Znl2 initiator sys.tem for the preparation of 
narrow MWD samples and the boron tr J fluor ide ether ate ( BFsOEt2) 
initiator, a conventional cationic initiator, for the 
preparation of broad MWD samples. All three initiator systems 
gave soluble polymers with t he expected structures as shown by 
the NMR results in Table 1. The polymerization conditions used 
and the molecular weights of the polymers so obtained are 
summarized in Table 2. Figure 1 contains the GPC chromatograms. 
which were used to calculate Mn and Mw for evaluating the MWOs 
of the polymers. 
As shown by the data in Table 2 and Figure 1. both the 
Hl/!2 initiator and the Hl/Znl2 initiator gave living polymers 
having narrow distributions with Mw/Mn ratios ranging from 1.04 
to 1. 2. in the same manner as for other vinyl ethers. • o> even 
though the monomer had a highly polar cyano group. In cont rast, 
t he BFsOEt~ initiator gave a polyme:r with a broad MWO and an 
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Polymer 





106 105 1 o4 11 03 MW( PSt) 
I I I 
20 22 24 26 28 30 EV(ml ) 
Figure 1. Molecular weight distributjon of CBPVE polymers; see 
Table 2 for reaction conditions. Numbers i nd icate the degree of 
polymerization. 
2. Thermal Properties of Pglymers 
Typical DSC thermograms fo r t he polyme rs obtained by HI/ 
r~ . polymers B and C, and by BFsOEt2, polymer E . a r e shown in 
Fi gure 2. The HI /!2-initiated polyme r with a low molecular 
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C> 
""' f ~ ------- --------.., ------
210 610 160 I I I 140 180 220 
TEMPERATURE ('C) 
Figure 2. DSC thermograms of CBPVE polymers B, c. and E: <a) the 
first heating cycle, (b) the first cooling cycle, (c) the second 
hca LL ng cycle. 
showed a glass transition at 59~ and a broad endothermic peak 
from 100 to 180 ·c in the f 1 rst heating cycle . An exothermic 
transition peak, T,, at 96 ~ in the first cooling cycle and an 
endothermic transition peak, T?, at 115 ~ in the second heating 
cycle were also observed. The DSC thermogram for polymer A was 
essentially identical wi th that of polymer B. 
In con trast, the HI/ I2-1n1 tiated polymer, C, which has a 
somewhat higher molecular weight than that of B but also a 
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narrow MWO. and the BFaOEt2- initiated polymer, E. also with a 
somewhat higher molecular weight but with a broad MWD, showed 
only a glass transition but not an endotherm. The Tg of polymer 
C was 57 ·c and that of polymer E was 77 •c in their second 
heating cycle, but unlike polymer B, neither polymer showed 
either an endothermic peak in any heating cycle or an exotherm 
peak in any cooling cycle at 10 ~/min. After the first heating 
cycle, subsequent cycles for each polymer gave virtually 
identical DSC thermograms. 
The thermal transition d.ata and the calculated 
Lhermodynamic parameters for all polymers are summarized in 
Table 3. To determine if there wa.s any effect caused by the 
cooling rate on the thermal properties. a slow cooling rate of 
1.25 ·c /min was also carried out for polymers c, D, and E. 
However, no trans! tion peaks were· observed for these three 
polymers, and their thermograms were identical with those 
obtained at the higher scanning rate. 
To identify the broad endothermic peak observed in the 
first heating cycle, the exothermic transition peak, Tt, of the 
cooling cycle, and the endothermic transition peak, T2, of the 
second heating cycle. texture observations of polymers A and 8 
were made on samples placed on a hot stage of a polarizing 
microscope. Polymers A and B show(~d both threadlike textures 
and dark region, indicative of the coexistence of a nematic 
phase and an isotropic phase, above their Tg in the first 
heating cycle, as shown in Figure 3, with an isotropization 
temperature at about 150 ~. The fan-shaped textures, which are 
characteristic of a smectic phase, were observed at a tempera-
ture just below T, in the first cooling cycle, as shown in 
Figure 4. In contrast, polymers C, D. and E showed no texture, 
and even after the sample close to Tg in the cooling cycle was 
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Figure 3. Photomicrographs 
heating cycle, (a) at. 75 ·c 
magnification is 320 x. 
of the nema l ic threadlike texture shown by polymer B in the first 
and (b) at 95 ~ : at these temperatures, both are above Tg; o riginal 
( 8 ) ( b ) 
0 0 Jl 
Figure 4. Photomicrographs of the smectic tex tures shown by the CBPVE polymer obtained by 
initiation with HI/L•, polymer B in Table 2, in the fi r st cooling cycle: (a) at 90 ·c. just below 
the Ti-s, batonnets with focal conic texture, and (b) after 10 min at the same temperature, 
focal-conic texture: original magnification is 320 x . 
These observations indicate th&t the broad transition peak 
ln the first heating cycle of polymers A and B, as obtained 
directly by precipitation from their solution, can be 
considered to be a transition from the nematic to the isotropic 
state. Subsequently, the transitions represented by peaks T1 
and T~ are assigned to the phase transition from the isotropic 
state to the smcctic state (Ti-s) and from the smectlc state 
back to isotropic liquid (Ts-1), respectively. A related 
compound containing the cyanoblphcnyl mesogen D, 4-(n-octyl-
oxy) - 4' - cyanobiphenyl">, and a rc,Jated polymer, the poly-
acryJut.c having mesogen U t>> were both reported to show the 
smectic phase too. 
Further observations of the textures of polymer A and B in 
thin-fl lm sample revealed that the phase below T1 in the first 
cooling cycle and below T~ in the second heating cycle Is the 
smectlc C phase. This conclusion is based on the fact that the 
smectlc c schlieren texture has point defects wl th only four 
brushes ( s= ± 1) 1 1 >, and thIs textur·e is seen for polymer B in 
Figure 5. In contrast, the smectic: A phase does not show a 
schlieren texture. 
The virgin samples of polymers A and B showed a Tg 
transition in the first heating cycles, but neither showed a Tg 
in subsequent cooling and heating cycles, most likely because 
their Tg transitions overlapped either the T1 (Ti-s) or T.,. 










cycle, as was 
2-(4'-methoxy-4-
biphenyloxy)ethyl vinyl ether. 3 > That is, the Tg t r ansition of 
the smectic glass appears to be higher than that of the nematic 
glass of the virgin polymer. 
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F I gurLJ?. 
the first 
0 0 Jl 
Smectlc C schlieren textures shown by polymer BIn 
cooling cycle at 96 ·c. close to Tis (Original 
magnification: 320 x ). 
The phase transitions of both low and high molecular 
weight poly(CBPVE)s are summarized in Figure 6. For low 
molecular weight polymers A and B, the virgin poJymers appeared 
to exist at least partially as a nematic glass, but after one 
heating cycle through the Tg lnto the lsotropie liquid state 
and subsequent cooling, they formed the more ordered smectic 
phase, which was then frozen at the Tg transition; that is, the 
nematic state becomes monotropic rala t 1 ve to the Tg of the 
smectic state. a> In that manner, the LC properties of poly 
(CDPVE) after the flrst heating cycle were dependent on the 
molecular weight (MW) and MWD because the lower MW and narrower 
MWD polymers, polymer A and B, had an accessible transition 
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Polymers A and B: low MW and narrow MWD polymers 
Tg 
Virgin Polymer [ Nematic Glass ) ~~ [ Nematic LC ) 
endothermic 
peak 
[ Isotropic Liquid ) 
Polymers C, D, and E: high MW and broud MWD polymers 
Virgin Polymer: 
[ Amorphous Glass ;:===== [ Isotropic Liquid ) 
F Lgyr~ 6. Schemat Lc representation of" phase trans! tions for the 
different CBPVE polymers. 
from the smectl c to the isotropic states while the higher ~ 
and broader MWD polymers, polymers c. D. and E. had their Tg 
above the isotropic to smectlc transition temperature. lienee. 
the latter polymers formed only an amorphous glass on cooling 
from the isotropic liquid as shown in Figure 6. 
3. Molecul~r We!Jlh~ DependencY- of th~. Thermal Properties 
In order to reconfirm this interpretation that the 
relatively lower r>1W and narrower MWD poly(CBPVF) could show a 
smectic phase wh ile the relatively hl.gher MW polymer could form 
only an isotropic phase after the first heating cycle, t wo 
experiments were carried out. including ( 1) fractionation of 
the broader MWD polymer a nd ( 2) b !tending of t he broader and 
- 140-
narrower MWD polymers as follows: 
ill. Fractionattpn. Because both polymers A and B contain 
small amounts of very low MW fractions . this fraction could 
show a plasticizing effect , which could explain why the overall 
Tg was depressed and the smectic phase would form. For this 
reason, the fractionation of polymer B to high and low MW 
components was carried out, and the thermal properties of each 
fraction were determined. 
(2) Blending. Because the thermal properties of polymers B 
and C in Table 3 differed so greatly with increasing Mn from 
2,100 to 3 . 500, then by adding a small amount of the higher MW 
polymer, wh ich does not show a smectic phase, to the low MW 
polymer. which does. it should be possible to change the 
thermal properties of the latter . Therefore, the thermal 
properties of a blend of these two polymers were determined. 
Figure 7 shows the MWD of the CBPVF polymers before and 
after fractionation and blending, and the thermal properties of 
these samples are summarized in Table 4. Two conclusion can be 
drawn from the data in Table 4 : 
( 1) Both the higher I\1W and the lower \1W portions of polymer B 
exhibited a smectic phase. so the reason that polymer 8 forms a 
smectic phase cannot be attributed only to the presence of the 
I ow t\1W port ion of the sample; 
(2) By adding only 25% by weight of the higher "'1W polymer, 
polymer D. which did not show any mesophase, to the lower MW 
polymer, polymer B, wh ich did, the thermal properties of B were 
changed dramatically. and the properties of the blend were 
dominated by t hat of t he higher MW polymer. 
The thermal properties of poly(CBPVE) as a function of Mw 
arc summarized in Fi gure 8. Because Mw is particular ly 
sens i tive to the higher MW portion, this prope r ty is an 
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Figure 7. Molecular weight distribution of CBPVE polymers before 
and after (1) fractionation and (2) blending. 
~H 2 (cal/g) Mx10 
0 5 10 15 (cal / g·K) 
1 2 3 Polymer Thermal Transitions < •c > 40 60 80 100 120 
A 
Tj.7- t B-L 2 ••• .~ .~ ~ ..._ ls·i(c) 8, ··-tr·· .. 4 ~' p ? ' 6 Tg(C) I ~\ T~a) 1\Tg(b) 
~ 










Figure 8. Thermal transition temperatures determined by DSC and 
thermodynamic parameters. 6 H and 6 s. for the smcctic to iso-
tropic transition as a function of ~w. Designations are as 
follows: (a) first DSC heating cycle, ( 0 ) Tg; (b) first cooling 
cycle. ( 0 ) Tg, ( • ) Ti - s; (c) second heating cycle. ( 6 ) Tg, 
( .A ) Ts- 1. 
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properties of this polymer. 
As shown in Figure 8, polymers having a Mw of less than 
about 3,000 showed the transitions between smectlc glass and 
isotropic liquid after one heating cycle, while polymers having 
Mw of more than about 3, 000 showed •::>nly an amorphous phase, and 
for the former , the higher the MW of the sample the smaller was 
the value of 6 H and 6 S (from the smec tic phase to the 
isotropic phase). Furthermore, and very surprising, it is not 
only the case that Tg increases with increasing MW but also 
Ti-s and Ts - 1 decrease with incrc•asing !'.1\\' , as depict<'d in 
Figure 8. Therefore, the difference between Tg and Ti-s a 1 so 
decreases with increasing MW until Tg either increases above 
Ti-s or overlaps with Ti-s in some ~ffl range, apparently around 
a Mn value of 3,000. As a result, during the cooling cycle, the 
higher MW polymer became immobile b•:lfore it rearranged to form 
the smectic phase. 
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ClimER 7 
MOLECULAR WEIGHT EFFECTS ON THERMAL PROPERTIES OF SIDE-CHAIN 
LIQUID CRYSTALLINE POLY(VINYL ETHER)S WITH PENDANT 
ALKOXYBIPHENYL MESOGENIC GROUPS 
ABSTRACT 
Two vinyl ether monomers with alkoxybiphenyl groups, 2-
(4' -ethoxy-4-biphenyloxy)ethyl vinyl ether (EtOVE) and 2 
(4 ' -hexyloxy-4 -blphenyloxy)ethyl vi nyl ether (HexOVE), were 
polymerized by living cationic polymerization reactions using 
either the hydrogen iodide/iodine (HI/I2) or the hydrogen 
iodide/zinc iodide (HI/Znl2) initiator system, or both. These 
J n itia tors yielded polymers with narrow molecu 1 ar weight dis-
tributions (MWDs) and for comparison broad MWD polymers were 
also prepared by using the boron trifluoride etherate (BF30Et2) 
initiator. The thermal properties and phase transitions of 
these polymers were determined by DSC, by visual observation of 
samples on a hot stage on a polarizing microscope, by polarized 
11 ght transmission intensity measurements and by wide angle 
X-ray diffraction analysis. The polymer from EtOVE. P(EtOVE) , 
with a weight average molecular weight, Mw, of less than about 
8,000 formed both smectic and nematic liquid crystalline, LC, 
phases after one heating cycle. In contrast, the polymer from 
this monomer which had an MW of more than about 8,000 exhibited 
only nematic LC phase. For the polymer from HcxOVE, P(IIC"xOVE), 
both the narrow and broad ~WD samples showed only a nematic LC 
phase ove r the ~w range from 2,600 to 7,300. The phase trans! 
lions of both types of the polymers arc discussed in rc 1 a tion 
to the mo lecular weight and MWD of the samples. The effect of 
the terminal group a ttached to the biphenyl group in the poly-
mer is consider ed in re lation to its possible steric effects . 
cu -co 2 
b-en - en -o~O o-co co 




Recently, the potential use of side chain liquid crystal-
1 ine polymer, LCP. systems for application in electro-optical 
devices has received much attention, l-o> because of their 
combination of polymeric material properties and monomeric 
liquid crystalline properties. The main research activity on 
such side chain LCPs has been concentrated on their synthesis , 
on understanding their structure-property relations and on 
their electro-optical properties. 7 ' e> Although it is known that 
molecular weight (MW) and molecular weight distribution (MWD) 
are important factors which affect the thermal properties of 
the LCPs, there have been few studies on their effects so far. 
The author's investigations have been concerned with this 
relationship for side-chain LCPs, and the MW and MWD effects on 
the thermal properties of both narr·ow and broad MWD polymers 
were described in the preceding two chapters. The polymers 
studied were obtained from 2-(4'-methoxy-4-biphenyloxy)ethyl 
vinyl ethe r 0 > and from 2-(4'-cyano-4-biphenyloxy)ethyl vinyl 
ether 1 o> • by using the living cationic polymer 1 za tion reaction 
recently developed by Higashimura and coworkers ( for reviews 
see References 11-14 ) : 
in which R represents the two different mesogenic groups. 
Mesogen . shown below, contained an electron donating methoxy 
group, while mesogen n. contained an electron withdrawing 
cyano group. o. I 0) 
-148-
u 
The relationships between the MW (or MWD) and the thermal 
properties of these polymers were complex. For the pofymer with 
mesogen at a given ~n. a narrov. \fl\'0 sample showed enantio-
tropic liquid crystalline behavior and formed both smectlc and 
nematic phases, but a broad MWD sample formed only a nematic 
phase. For the polymer with mesogen n . a low \1\\' sample with 
narrow MWD formed a smectic phase, but a high I\1W sample or a 
sample with a broad MWD exhibited only an amorphous character. 
These phenomena v.erc Interpreted on the basis of the relation -
ship between the trans! Lion temperature to or from the smcct1c 
phase and the glass - transition temperature. Tg. That is, the 
author concluded that these polymers had a monotropic smcct1c 
phase relative to the Tg. 
In this chapter, polymers with mesogen m and N having 
terminal alkoxy groups, either the ethoxy group or Lhe hexyloxy 
group, both of which are larger in size than the previously 
ill 
IV 
described methoxy group polymers. were prepared and character-
ized for their LC properties. The polymers were prepared by 
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both traditional and living cationic polymerization reactions 
of the monomers 2-(4 1 - ethoxy-4-biphenyloxy)ethyl vinyl ether 
(E tOVE) and 2- (4 1 -hexyloxy-4-biphenyloxy)ethyl vinyl ether 
(HexOVE ) shown below: 
CHt=CH 
o- cH2 CH2-o--©-<Q>-o CH2CH3 EtOVE 
CHt=CH 
I 
O- CH2 CH2-o--©-<Q>-of CH2ts CH3 HexOVE 
The phase Lransitions of the polymers were investlgated in 
relatlon to their MW and MWDI and the effect of the terminal 
alkoxy group attached to the biphenyl group is considered in 
this chapter. 
EXPERIMENTAL SECTION 
Monomer ~lJlesi ~- 2- ( 4 I -ethoxy-4-biphenyloxy) ethyl vinyl 
ether ( EtOVE) and 2- ( 4 I -hexyloxy-4-biphenyloxy) ethyl vinyl 
ether (HexOVE) were prepared by the phase transfer-catalyzed 
condensation of 2-chloroethyl vinyl ether with the sodium salt 
of either 4-(4 ~ -ethoxyphenyl)phenol or 4-(4~-hexyloxyphenyl)­
phenol~ respect! vely I in the presenc:e of a catalytic amount of 
tetrabutylammon!um hydrogen sulphat «~ [eq. (2)]. tG> The alkoxy-
phenylphenols were synthesized by the alkylation reactions of 
4,4~-biphenol [eq. (1)] tG. to> I as shown below: 
~ (C2H5 OhS02 ~ HO OH + or -- HO OR o> 
Br(CH2)sCH3 
R = C2Hs or CsH13 
- 150-
EtOVE 
or < z> 
HexOVE 
EtOVE and HexOVE were purified by recrystallization from 
methanol. Thermal transitions of the monomers as measured by 
differential scanning calorimetry (DSC) and their 'H- and 13C-
nuclear magnetic resonance (NMR) chemical shifts are summarized 
in Tables 1 and 2. 
Initiators and SolvE~nts. The hydrogen iodide (HI) I iodine 
(I c) • zinc iodide (Zni2) and boron trifluoride etherate 
(BFaOEtc) initiators and solvents (methylene chloride . 
rr-hexane. and diethyl ether) used were purified as previously 
reported. 1 7 - 2o> 
Table 1. 
a) 





















a) Determined by DSC. 
b) Taken from the second heating cycle thermogram: Tml melting 
tempe r ature; Til isotropization temperature. 
c) Taken from the first cooling cycle thermogram: Td , de!so-
tropization temperature; Tcl recrystallization temperature. 
d) Enantiotropic liquid crystalline phase (smectic) was 
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Polymerization Pr9~edures. Cationic polymerization 
reactions were carried out in a dry-nitrogen atmosphere as 
previously reported. 0 ' ' 7 20 > All polymers were purified by 
precipltation from methylene chloride solutlon into methanol 
and dr1ed in vacuum. 
F·ractionation and Olcndlng Procedures. P(EtOVE) sample 0 
(see Table 3). which was obtained by initiation with BF30Et2. 
was not compJ etely soluble in chloroform at room temperature 
after precipitation into methanol even though the polymer 
remained soluble untfl the end of the polymerization reaction 
in methylene chloride at -5 ·c. Therefore, sample 0 was 
separated into chloroform-soluble and -insoluble fractions by 
extraction with chloroform at room temperature at a 
concentration of lOOmg of polymer for lOml of sol vent. The 
in soluble fraction, 0-H, wh 1 ch represented 77wt% of sample 0, 
was rC'eovered by filtration, and the soluble fraction, 0-L, 
which rcprC'sented the remainder was recovered by evaporation of 
the solvent. Both 
N.~-dimethylformamide 
temperature (60-80 ~ ). 
fractJons were 
or nitrobenzene 
soluble in either 
at an elevated 
To prepare the blend of samples E and F (see Table 4), the 
two polymers were dissolved in ~.1"<-dimethylformamide at 70 ·c. 
Concen tra tlon of 100mg/10ml solvent were used for the 
preparation of blends of 0-11 and A. The blended polymers (E and 
F) were recovered by precipitation from N,N-dlmethylformamide 
solution in to methanol and dried in vacuum before the 
characterization . 
Qh_aracterization of ~q_nom~r$ and Polymers. The molecula r 
weight distr ibution of the polymers was measured by gel 
pe rmeation chromatography (GPC) using CHC13 as the eluent on a 
-153-
Waters Associates Inc. liquid chromatograph equipped with five 
polystyrene gel columns (8mm x 23cm each) and refractive index 
(RI) detector. The number average and weight average molecular 
weights (Mn and MW) were calculated with the use of a standar·d 
polystyrene calibration curve. For the CHCls-insoluble polymers 
(samples C, 0, E, F and 0-H), samples were injected into the 
chromatograph as N,N-dimethylformamide solutions for conve-
nience sake. 
1 H- ( 200 or 300 MHz) and 1 sc- <( 75.4 MHz) NMR spectra were 
obtained with Varian XL-200 or XL-300 spectrometers in CDCla at 
room temperature. The chemical shif"ts of the 1 H- and 13C-NMR 
spectra of the monomers (EtOVE and HexOVE) and the correspond-
ing polymers are summarized in Table 2. As the chemical shifts 
of the monomers and their polymers indicate, after the poly-
merization the signals of the vinyloxy group in the monomers 
£ 1 11-NMR, 6.50 ppm for both EtOVE: and 
'
3 C-NMR, 87.8 (Ca) and 152.4 ppm (Cb) for 
151.8 ppm (Cb) for HexOVE (.QaH2=.QbH-O-)] 
HexOVE (CH2=Ctl-O-); 
EtOVE, 87.0 (Ca) and 
disappeared and new 
signals corresponding to the main chain methylene and methine 
structure l 1 H-NMR, 1. 0-2.0 and 3. 4-4.3 ppm for both EtOVE and 
llexOVE (-Cih-Ctl-); 13C-NMR, 40.6 and 41.7 ppm for EtOVE, 40.7 
and 41.5 ppm for HexOVE (-.QH2-CH-), and 74.5 ppm for EtOVE, 
73.9 ppm for HexOVE (-CH2-.QH-)] appeared. Both 1 H- and ' 3 C-NMR 
spectra also showed that the signals of the pendant group (X in 
Table 2) are exactly the same as 1those of the monomers with 
some peak broadening . 
Thermal analyses were carried out on a Perkin-Elmer DSC-2 
instrument with polymer and monomer samples of 5-10 mg under a 
nitrogen flow at a scanning rate of 10 ·c /min. Indium and 
naphthalene were used for the calibration of the temperature 
scale. The melt behavior of the polymers was visually observed 
using a polarizing light microscope equipped with cross-
-154-
polarizers and a hot stage. 
The apparatus used for light transmission studies con -
tained a laser, a polarizer, a Mettler hot stage and a photo-
multiplier. A Spectra Physics He-Ne gas laser ( 1 =6358 ~) was 
used as a light source. 
X-ray diffraction experiments were carried out on a 
Statton flat film camera using Ni-filtered CuK a radiation ( 1 
=1.542 A) under reduced pressure. The powder samples were 
sealed in glass capillaries, and a home-made hot stage was used 
to control the sample temperature within l ~-
RESULTS AND DISCUSSION 
1. Polymerization of EtOVE and HexOVE 
The cationic polymerization of EtOVE or HexOVE was carried 
out with the HI/12 and the HI/Zni2 initiators, both of which 
are reported to be living-polymerization initiator systems,'' 
I <1. I 7 - I 0) and also with boron trifluoride ctherate (BFsOEt2), 
which is a conventional cationic Initiator. The polymerization 
cond i. ti ons and the MW values of the polymers so obtained are 
summarized in Table 3. Figures 1 and 2 show the MWDs of the 
polymers. 
Polymers A, 8, P. Q and R were soluble in the polymeri-
zation solvent at the polymerization temperatures and in the 
CHCls at room temperature for the GPC measurements. All poly-
mers had the expected structures, as indicated by the NMR data 
in Table 2. As described in the preceding two chapters, g, 1 o> 
the HI/I2- or the HI/Zni2-initiated reactions gave polymers 
(polymers A. B. P and Q) with narrow MWDs and with Mw/Mn ratios 
varying from 1.02 to 1.1. In contrast, the BFaOEt2-initiated 
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Table 3. 
Cationic polymerization of EtOVE and HexOvE1 ) 
Initiator(mM), (MJ 0 Reaction Mn X 10-
3 
Monomer Polymer solvent,temp . (°C) ( M) time(hr) M /M 3 ) OP 4 ) 
w n n 
desisnation Calcd. 2 >obsvd. 3 ) 
EtOVE A HI/Zni 2 (11 .1/0.4) 0.09 24 2.3 2.0 1 • 1 7.0 
Toluene, 40 
B HI/12 (10 . 1/0 . 2) 0 . 10 24 2.8 2.6 1 . 1 9.2 
CH2cl2 , -5 
c HI/Zni2 (3.1/0.2) 0 . 09 20 5.3 5.3 1 . 3 18.7 
CH 2cl2 , -5 I 
1-' 
(11 0 BF30Et2 (2 . 5) 0.05 24 --- 4.0 2 . 5 1 4 . 1 
en CH2cl2 , -5 I 
0-H [CHCl~ insoluble oart (=77wt%l of Dl --- 5.5 2.2 19.4 
.) - . . -· 
0-L [CHC13 soluble part (=23wt%) of D) --- 2. 1 1.3 7.4 
HexOVE p HI/Zni2 (5.7/0.3) 0.05 92 3.0 2 . 5 1. 02 7.4 
CH2cl 2 , -5 
Q HI/Zni2 (10.1/0.4) 0. 1 0 24 3.4 3.0 1 • 04 8.8 
toluene, 40 
R BF30Et 2 (2 . 5) 0.05 24 --- 2.8 2.6 8.2 
CH2c12 , -5 
1) All reaction conversion were close to 100%, except sample C (=64%). 
2) Calcd . Mn = ( MW of monomer) X ([M)consumed/[HIJ 0 ) 3) Determined by GPC calibrated with standard polystyrene samples. 
4) Number-average degree of polymerization calculated from M
0
(obsvd . ). 
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polymers had a broad MWD, as shown jln Table 3 and Figures 1 and 
2. 
2. Phase Transition of the EtOVE Polym~r~_lEtOVEJ 
Typical thermograms obtained for the 111/Znl:.·-lnltlated 
polymer and for the BFaOEt2-initiated polymer are shown in 
Figures 3 and 4, respectively. Polymer A. having a low MW and a 
narrow MWD showed a glass transition, Tg, at 122 ~ and an endo-
thermic peak, T,, at 175 ·c in the first heating cycle (sec 
Figure 3), and e xothermic peaks, T:? at 176 ·c and T3 at 160 ·c, 
and Tg at 120 ~ ln the first cooling cycle. A Tg at 141 ~ and 
cndothcrmle peaks, T ... at 177 ·c and T!5 at 182 ·c. in the second 
.g ---~Q_ -- - ---c ..... , 
Q) ' ..... Tg .... ___ -, 
t 
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Figure 3. DSC thermograms of P(EtOVE), polymer A, obtained by 
initiation with HI/Znh•: (a) first heating cycle, (b) first 
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Figur~ 4. DSC thermograms of P(EtOVE), polymer D. obtained by 
in! tiation wl th BFaOEt2: (a) first heating cycle , (b) first 
cooling cycle. (c) second heating cycle. 
heating cycle were also observed. 
In contrast, as shown in Figure 4, polymer D, with a 
relatively hlgh MW and with a broad MWD, exhibited a Tg at 195 
~ and an endothermic peak, T, , at 209 ~ in the first heating 
cycle, an exothermic peaks, T2 at 191·c. ln the fJrst cooling 
cycle , a nd an endothermic peak, T!5. at 212 ·c l n the second 
heating cycle. After the first heating cycle, subsequent cycles 
for both polyme r A and polymer D gave virtually identical DSC 
thermograms. 
To identify the phases present before and after the 
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trans! t1 on peaks, T, -Tcs, texture observations were made with a 
polarized light microscope. For polymer A, nematic threaded 
textures<>•> (see Figure 5(a)1 were observed at temperatures 
below T, ln the first heating cycle,. between T2 and T3 in the 
first cooling cycle, and between T4 and T~ in the second 
heating cycle. The nematic threaded texture did not change even 
after the sample was kept below T2 (173 ~ ) for 30 min in the 
first cooling cycle. A smectic fan-shaped texture 2 '> (see 
Figure 5(b) 1 was observed below Ts in the first cooling cycle 
and below T4 tn the second heating cycle. The same phase 
transit I on phenomena were observed for polymers 0-L, B, E and 
c. 
ln contrast, polymers D. F and D-H exhibited nematic 
threaded textures"''> [Figure 5(c) 1 at temperatures below T,, T .. 
and T~ (see Figure 4). The nematic texture did not change when 
polymer D was kept just below T2 ( 188 •c ) for 30 min ln the 
first cooling cycle. 
Each trans! t!on peak and each phase before and after the 
peak could be ldenti fled in this munner, and the transi tlons 
are represented ln Figure 6, in which Tx-y indicates the 
transJ lion temperature from the x-phase to the y-phase. The 
assigned transitions are also listed in Table 4, and the 
transl t ion temperatures of P(EtOVE) as a function of Mw are 
shown In Figure 7. 
From the data in Table 4 and Figure 7, three conclusions 
can be drawn for this polymer: 
(1) With increasing MW, the Tg and Tn-i increased. but Ts-n was 
not affected. As a result, the tempE•rature range above Tg and 
below Ts-n for the smectic LC phase became increasingly narrow 
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Table 4. 
Thermal properties of Poly(EtOVE)s 
- A Thermal transitions(°C2 bl DSC Thermod1namic Earameters3) Polymer Mw X 10 
M X17. Heating cycle1) Cooling cycle2) ftH (callg) 2 6S X 10 ~callg·K) 
designation n Ml iMl T T T 
n-i T. T T ftH ftH n-i M) M) n-i w n g s-n 1-n n-s g s-n s-n 
A 2.2 I 2.0 I 1.1 122 --- 175 176 160 120 9.4 2.2 2.1 0 . 5 
D-L4) 
(141) (177) (182) 
2.7 I 2.1 I 1.3 127 -- 178 175 158 125 9.0 2.2 2.0 0.5 (144) (178) (185) 
B 2.9 I 2.6 I 1.1 141 -- 181 170 152 123 9.4 3.1 2.1 0.7 
E5) (147) (175) (183) I 4.4 I 2.3 I 1.9 147 --- 199 167 147 125 7.1 6.0 1.6 1.3 ~ (145) (173) (193) 0> 
(.) c 6.9 I 5.3 I 1.3 173 --- 194 168 153 139 5 .8 6.1 1.3 1.3 I 
F5) (162) (176) (187) 6) 8.8 I 3.5 I 2.5 =~=6) == 206 176 --·- -·-- --- 13.0 --- 2.8 (189) 
D 10.0 I 4.0 I 2.5 19:6) = 209 191 -- - ·- 6) -- 13.1 -- 2.7 
D-H4) 
(212) 6) 12.1 I 5.5 I 2.2 =~=6) == 210 191 --- --·- -- 15.2 - 3.1 (211) 
1) Taken from the first heating cycle; numbers in parentheses indicate the transition temperatures taken 
from the second heating cycle. 
2) Taken from the first cooling cycle. 3) Taken from the second heating cycle. 
4) High and low MW portions of sampleD by fractionation (see text). 
S) Blend polymers of samples D-H and A: E, D-HIA=22I78 wt%; F, D-HIA=67I33 wt% (see text). 
6) Tg may overlap with Tn-i or Ti-n . 
(2) At approximately the same Mn, the broad distribution 
sample, F, had different thermal properties. including a higher 
Tg and Tn-1 but no Ts-n. from those of the narrow distribution 
sample. B. Possibly, the Tg and Tn-i values were strongly 
affected by the higher MW fraction of the broad distribution 
polymer. 
( 3) Polymers F. 0 and D-H, for which the v 1 rgin polymers were 
recovered by precipitation Into methanol, showed Tg transitions 
only In the first heating cycle, and they did not show clearly 
a Tg after one heating eye l e. In some cases the Tg overlapped 
with the TI-n or Tn transitions ufter one heating cycle in 
the same manner as described for the polymers from 2 -( 4'-
methoxy-4-biphcnyloxy)ethyl vinyl 
4-blphcnyloxy)cthyl vinyl ether•o>. 
and 2- ( 4 · -cyano-
The MW effects on the phase transi tlons of this polymer 
can be summarized as follows: during the cooling cycle, the 
higher MW polymers. most likely those with Mw > 8,000, form a 
glass phase and become immobile before they can reorganize from 
the nematic to a smectic phase, so the transition only from the 
isotropic to the nematic phase occurs. In contrast. when MW is 
low. the Tg Is loy, too, and the sample can form a smectic phase 
from the nematic phase before the Tg is reached during the 
cooling cycle. That Is. the former polymer apparently also has 
a monotroplc smectic phase relative to Tg in the same manner as 
the polymers described in the preceding chapters. g, •o> 
3. Transmit ted L_igh t Intensity 11nd X-ray Dl ffractlgn Analyses 
Qf P(EtOVFJ_ 
To confirm the phase transition behavior of P(EtOVE) 
observed by DSC and by usc of a polarizing light microscope, 
two additional measurements were mad e! : first. t ran smitted light 
intensity and, second. wide angle X-ray diffraction (WAXD). 
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Figures 8 and 9 show the transmitted light intensity of poly-
mers A and 0. respect! vely. as a functIon of sample tempera-
tures in the f 1 rst cooling cycle and in the second heating 
cycle. For polymer A in Figure 8, two changes in intensity can 
be seen during both the first cooling cycle and the second 
heating cycle. These changes correspond closely to Tl - n and 
Tn s in the first cooling cycle and to Ts-n and Tn-i in the 
second heating cycle as measured by DSC (sec Figure 3). For 
polymer 0 in Figure 9. only one change of the transmitted light 
intensity is seen in each scan. and this change also corre-
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Figure 8. Transmitted light intensity as a function of sample 
temperature for (a) the first cooling cycle and (b) the second 
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ri~re 9. Transmitted light intensity as a function of sample 
temperature for (a) the first cooling cycle and (b) the srcond 
heating cycle of P(EtOVE), polymer D. obtained by initiation 
\\ith OFaOEt:z. 
Table 5 shows the WAXD data fo1· polymer A in the nematic 
phase and in the smectic phase and for polymer 0-H ln the 
nematic phase. Both the nematic an'd the smectlc phases show 
diffuse rings at wide angles for the intermolecular spacing 
perpendicular to the mesogcn long axes of the side-chains. The 
average intermolecular spacings observed of 4.19-4.34 ~ are 
consistent with those reported for this type of side-chain 
LCP . 2 "'· "'3 > 
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a ) ~casured in the first cooling cycle after the samples melted 
to isotropic liquid. 
b) Numbers arc taken from diffraction maxima . 
c) Intensities of the diffractions are gJven in parentheses as: 
s. strong; ~. medium; W, weak. 
d - f) Oiffusv diffraction rings with d values 3.9-5.1, 3.9-4.9, 
3.9-4.9 A. respectively. 
At smaller diffraction angles. the WAXD patterns of the 
nematic and the smectic phase were different. The patterns of 
the smectic phase arc characterized by a sharp, intense ring 
with both medium strength second-order and weak third-order 
reflections corresponding to a layer thickness of 29.0 A. This 
value is considerably greater than the length of the side-
chaJn, 19-20 A. in lts fully extended conformation. Thus, the 
existence of some form of bilayer structure in the smectic 
phase. in which the molecules partially overlap. appears to be 
veri fled, as previously reported for the polymer from a cyano-
blphenyl-containing acrylate monomer. 23> 
For the nematic phase, diffuse rings which correspond to a 
distance of 12.8-13.3 A were observed. This value is 
approximately the length of 4, 4' -diethoxyblphenyl, so it may 
-167-
ar 1 se from the intramolecular spacings parallel to the long 
axes of the side-chain in the same manner as some nematic main 
chain LCP show a diffuse ring corresponding to distances close 
to. or equal to. the repeating unit length." 4 > This result is 
an indication that there is no ord<~ r in the direction of the 
molecular long axes. 
Tn conclusion, the transmitted light Intensity and X- ray 
diffraction data confirm that the Low MW samples of P(EtOVE) 
had different phase transition behavior from that of high MW 
samples. as summarized in Figure 6. 
4. Phas_EL]'ran~itions of thJL_IIexOVE Polymers, P(HexOVEl 
The DSC thermograms of the pcolymer obtained by HI/Znl ... 
initiation. P in Table 3, and by AFaOEt2 initiation. R in Table 
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Elgur~. DSC thermograms of P(HexOVE) obtained by initiation 
with Hl/ZnlP, polymer P, and with BF30Et2, polymer R: (a) first 
heating cycle, (b) first cooling eycle, (c) second heating 
cycle. 
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Photomicrographs of polymers P and R. both of which exhibit 
nematic threaded textures 2 '>. are shown in Figure 11. The 
nematic textures did not change after the samples were kept 
below Ti-n for 30 min in the first cooling cycle. From these 
data, 1 t may be concluded that polymers P. Q and R all form 
only a nematic LC phase between Tg and the isotropization 
temperature. Tn - 1. in the molecular weight 2 , 600 ~ Mw < 7,300. 
The thermal properties of these polymers are summarized in 
Table 6. 
With increasing MW, the Tg of P(HexOVE) increased as 
expected, but unexpectedly Tn-i and Ti-n decreased, as shown in 
Table 6. As a result. the temperature range of the nematic LC 
phase between Tg and Tn-1 or Ti-n became narrow with increasing 
MW. For example, polymer R, which had approximately the same Mn 
as that of polymer P but had a broader MWD, showed a much 
narrower temperature range for lts nematic LC phase. It appears 
likely, therefore, that the thermal transitions of this polymer 
were more strongly affected by the higher molecular weight 
fraction in the broad distribution sample, in the same manner 
as described for other LC poly(vinyl ether) s. o. 'o> 
5. Effec~ of Terminal Substituen~ in the Biphenyl Group 
To obtain a semi-quantitative indication of the steric 
effect of the terminal substi tuents. the bulkiness factor of 
the substituent, R, attached to the 4'-position of the biphenyl 
group is calculated by the following equation: 
0 
bulkiness factor (A) ~ L ( bond length ) ) 
+ [van der Waals radius of the end atom) 
The bulkiness factor is the distance from the center of the 
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Figure 11. Photomicrographs of the nematic threaded textures of samples of P ( HexOVE) : (a) polymer P 
at 155 ~ (just below Ti-n) in the first cooling cycle; (b) polymer R at 125 ~ (just below Ti-n) in 
the first cooling cycle (original magnification: 320 x ). 
Table 6 . 
Thermal properties of Poly(HexOVE)s 
- A Polymer Mw X 10- M X 10-;: Thermal transitions~°Cl hi DSC Thermodinamic 2arameters3) Heating cyclel) Cooling cyc1e2) 6.H n-i 6S n-i 
designation n M/M T T 
n-i T. T (cal/ g) (cal/ g•K) w n ~ 1-n 8 
p 2 .6 I 2.5 I 1.02 126 168 161 105 8.3 1.9 
(106) (169) 
Q 3.1 I 3.0 I 1.04 131 171 144 108 9.9 2.3 
(111) (156) 4) R 7.3 I 2.8 I 2.6 127 148 135 -- 4.8 1.1 
(120) (148) 
1) Taken from the first heating cycle; numbers in parentheses indicate the transi tion temperatures taken 
from the second heating cycle. 
2) Taken from the first cooling cycle . 3) Taken from the second heating cycle. 
4) Tg may overlap with Ti-n . 
of the substituent and is calculated by assuming that the 
subs t 1 tuen t 1 s fu 11 y ex tended. The bulkiness factors so 
calculated and the abbreviation for each monomer unJt described 






















F l gure 12 shows the general phase eli a gram for the polymers 1 n 
this series having different terminal substituents as a func-















R= t (OHex) 
0o~~~~5~---~10~~~15 
Bulkiness Factor(A) 
Figur~. Phase diagram of the poly(vinyl ether)s of this 
series with various terminal substituents as a function of the 
bulkiness factor of R. Transition temperatures are those in the 
second heating cycle: e . Tg; ~ . Ts:-i; D. Ts-n; 6 . Tn-1. I. 
isotropic: N. nematic; s. smectic; 1 . liquid: g. glass. 
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Figure 12 are only for the polymers with narrow MWDs (Mw/Mn :; 
1.3) and with Mn from 2,000 to 2,500. P(HVE) did not show a 
mesophase. but all of the other polymers in the series above 
exhibited at least one mesophase. With increasing bulkiness 
factor. the isotropizatlon temperature of the polymers. from 
either t.he nematic or the smectic phase. increased from H-CN to 
R=OEt but did not increase from R=OEt to R=OHex. while the Tg 
increased from H=H to R:OMe but decreased from R=OMe to R=OHex. 
As a result, the temperature range of the LC phase became wider 
with increasing bulkiness factor. 
Inspection of Figure 12 also reveals that each of the LC 
polymers exhibited different types of mesophase transitions 
which may be related to the different lengths of the terminal 
substitucnts. The transitions observed for each were as 
follows: 
P(HVE). amorphous glass to isotropic liquid; 
P(C 'VE). smectic glass to isotropic liquid: 
P(~eOVE). smectic glass to nematic liquid to isotropic liquid; 
P(EtOVE). smectic glass to nematic liquid to isotropic liquid; 
P(HexOVE). nematic glass to nematic liquid to isotropic liquid. 
To explain these observations the author can classify the 
substituents according to their size (small. medium, and large) 
and polarity as shown in Figure 13. For example. for P(CNVE) 
the CN substituent is not only small but it is also highly 
polar, and the enhanced interaction between mesogens may aid in 
formation of the smectic phase instead of a nematic phase. On 
the other hand, for the polymers with less polar alkoxy 

















(Medium Size) ( Large Size) 
~igure 1~. Schematic representation of the relationship between 
size of the terminal substituent and type of mesophase. 
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CHAPTER 8 
SYNTHESIS OF A NOVEL COMB-LIKE POLY(VINYL ETHER) 
WITH PENDANT ISOPROPYLNAPHTHOXY GROUPS 
ABSTRACT 
A novel comb-like polymer having isopropylnaphthoxy 
pendant with the controlled molecular structure was synthesized 
by the cat.lonlc polymerization of 2-( 6-isopropyl -2-naphthoxy) -
ethyl vinyl ether ( I ) with AlEtCl2 catalyst. Although the 
polymer's molecular weight (Mn: 4,000-17 ,000) could be 
controlled by the r eactlon conditions (solvent polarity, 
temperature and initial monomer concentration), the steric 
structure was not affected by them at all, giving almost the 
same amount of the meso and racemic diads irrcspccti ve of the 
conditi ons. The polymer showed only an amorphous c haracter (Tg: 




One of the most important pr·operties of the so-called 
comb-like polymers is their capacity to form a liquid crystal-
line (l.C) phase by incorporating a rigid-rod mesogenlc side 
chain into a polymer structure. •> And many types of side - chain 
liquid crystalline polymers (LCP), with different structures 
both of main chains and mesogenic side chains, have been 
synthesized and their properties have been investigatcd.P> 
Since the first examples of ILC poly(vinyl ether)s with 
narrow molecular weight distributions (MWO) by the usc of 
living cationic polymerization were reported by the author and 
Lenz, :I ... , several research groups in the world have been 
actively engaged In the living polymerization of mcsogenlc 
vinyl ethers.~· o> because the effect of the polymer's molecular 
weight on the phase transitions can be determined without the 
undue Influence of the low and high molecular weight compo-
nents. From the industrial point of view, however, the cationic 
polymerization using a conventional and inexpensive catalyst 
(for example. metal halides, alkyl metal halides and so on). 
though less controlled manner, is also attractive, because the 
simplified polymerization process and catalyst system can be 
applied. 
In this chapter, the author turned his attention to 
synthesis of a novel poly(vinyl ether) with an lsopropyJ -
naphthoxy pendant using ethylaluminum dichloride (AlEtClP), one 
of alkyl metal halides. as a catalyst. That is, polymerizations 
of 2-(6-isopropyl-2-naphthoxy)ethyl vinyl ether were 
carried out with the catalyst, in order to extend the range of 
cat ionJ cally obtained comb-like poly(vlnyl ether)s with 
aromatic-rigid pendants. This 6-isopropyl-2-naphthoxy pendant 
structure was chosen. because then~ are some examples of the 
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2,6-naphthylene structure containing main-chain LCP's, ,, and 
because 6-isopropyl-2-naphthol. the precursor of the monomer 
I . is available as a by-product of 2,6-dihydroxy-naphthalene. 
Furthermore . the side-chain LCP with that structure as a 
pendant. to the au thor's knowledge, has not been reported so 
far. The first objective, therefore. was to examine whether the 
poly could show a LC phase or not. And the second objective 
was to Investigate the effect of polymerization conditions 
(solvent polarity, temperature and so on) on the molecular 
weight. thermal properties and steric structure of the 
polymer. Unfortunately, this novel poly(vinyl ether) did not 
show any LC phase but only a glass transi tlon as described 
below. 
EXPERIMENTAL SECTION 
\1onomer Synthe~ls. 2-(6-isopropyl-2-naphthoxy)ethyl vinyl 
ether was prepared by the phase-transfer-catalyzed 
condensation of 2-chloroethyl vinyl ether (Tokyo Kasei, purJ ty 
97%) with 6-isopropyl-2-naphthol (l\1itsul Petrochemical, mp 112 
•c, purity 98%) in the presence of sodium hydroxide (equivalent 
to the naphthol) and a catalytic amount of tetrabutylammonium 
hydrogen sulfate, 8 > as shown below: 





was purified by recrystallization from ethanol three times; 
the isolated yield ca. 66% (based on the 6-lsopropyl-2-naphthol 
charge). yellow needle-like crystal with mp 62 ·c (by DSC). 
purity > 99 % by gas chromatography. The chemical shifts of 
the 'H- and 13C-NMR spectra of the monomer ( I ) arc summarized 
in Table 1. 
Procedures. Solvents were dist:llled over calcium hydride 
before usc. AlEtCl., (Tosoh Akzo) was used as received. Poly-
merizations were carried out as repo1rted. 3 ' ... > Polymer yield was 
determined by gravimetry. The molecular weight distribution 
(MWD) or the polymers was measured by gel-permeation chromato-
graphy (GPC) In chloroform solutions at room temperature on a 
Waters liquid chromatograph (150-C ALC/GPC) equipped with a 
polystyrene gel column (7.5mmiD x 60cm) and a uV detector 
( 254nm). The Mn and Mw were calcula·ted from GPC curves on the 
basis of a polystyrene standard calibration. 13C- and '11-NVIR 
spectra were recorded on a JOEL GX-!500 spectrometer ( 125.8 r>1llz 
and 500 MHz. respectively) in COC13 at 45 ~-
Thermal analysis was carried out by differential scanning 
calorimetry (DSCl on a Seiko DSC-220C instrument with polymer 
samples of about 10mg under a nitrogen flow at a scanning rate 
of 10 ~ per min. 
RESULTS AND DISCUSSION 
1. PQlymcrlza~ion and Polymer Structure 
Cationic polymerizations of th•~ monomer were carr led 
out at 0 or -30 ~ with AlEtCl2 under various conditions. The 
results are 11 sted in Table 2. The polymerization was 
relatively fast. reaching ca. 90 % polymer yield in 10-300 min, 
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Table 1. 
1n- and 13c-HMR che11ical shifts for the monomer ( I ) and the pol)'111er .1 ) 
1H-HMR2) 13c-NMR 
6 (ppm) proton 6 (ppm) carbon 
Monomer3> 1.35 (d) p 23.9 p 
3.05 (septet) 0 33.9 0 
4.09 (d of d) a1 66.4 c 
4.11 (t) c 66.5 d 
4.29 (d of d) a2 87.1 a 
4.33 ( t) d 107.0 n 
6.56 (d of d) b 118.7 f 
7.14 (d) n 123.9 1 
7.16 (d of d) f 126.1 k 
7.36 (d of d) k 126.8 l 
7.60 (d) i 129.1 g 
7.67 (d) l 129.4 h 




Pol}'111er4 ) 1.1-1.4 p 39.4. 41.1 a' 
1.6-2.1 a' 74.3 b' 
2.8-3.0 0 
3.6-4.1 b' . c. d other carbons in R5) 
6.8-7.6 f, g. i 
k. 1, n 
Chemical shifts are given in ppm relative to TMS. 1) 
2) '11- 1 11 coupling constants (unit: Hz) are listed below: 
Ja1,a2 Ja1.b Ja2,b Jc,d Jf , g 
2.2 7.0 14.3 6.8 8.9 
3) 
=R 






- CH2 - CH -
I 
O-R 
5) The signals of the pendant group (R) are at almost the same position as 
those of the monoaer. 
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except for the samples obtained at the lower temperature and In 
CII:.·Cl, solvent (samples D and E). All polymers were soluble Jn 
toluene and CHCla at room temperature. The molecular weight 
dlstr1but1ons (MWD) of the polymers were shown in Figure 1. 
They exhibited wide MWD's, Mw/Mn of 3.8- 5.7, originating from 
AlF.tCl~ catalyst employed. As can be seen both in the Mn and MW 
data In Table 2 and the MWD in Figure 1. a higher molecular 
weight was obtained in a more polar solvent, at a higher 
inltial monomer concentration. [l\1)o, and at a lower tempera 
Lure, as normally observed Jn ionic polymerizations. 
All the polymers ( A - F gave the expected comb-like 
structure rr. formed only by the addition reaction of the 
double bonds in the vinyloxy groups, as shown by the ~MR 
results in Table 1 and Figure 2. 
- CH -CH-
2 b- cH - cH -o~O 




Cationic polymerization of 2- (6 isopropyl-2-naphthoxy)ethyl vinyl ether ( I ) with AlEtCl :.• 
PQl:tmn. Cond.i UOllSa) Polymer -c) -c) Mw/Mnc) Mn Mw 
code Solvent [M]o Temp. Time yield ( M) < ·c > (min) (wt%) 
A b) toluene 0.2 0 300 95 4.000 18,000 4.5 B CH2C1:<? 0.2 0 180 87 7,000 26,500 3.8 c CH2Cl:<? 0.5 0 60 92 11 '000 46,500 4.2 D CH2C12 0.5 -30 180 53 14,100 73,700 5.2 E CH2Cl2 1.0 -30 180 70 16,400 76,100 4.6 F nitroethane 1.0 -30 10 97 16,900 96,800 5.7 
a) [AlEtCl2lo = 10.0 mM. 
b) [H20lo = 5.0 mM. 
c) Determined by GPC calibrated with standard polystyrene 
samples. 
d) Taken from the second heating cycle (at 10 ~/min). 
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Tgd) 







Log(MW) ( PSt) 
Figure 1. '1WD · s of the polymer obtained from I . Sample codes 
as indi cated: see Table 2 for reaction conditions. 
b g lki f a 
e J m n 
h 
1 1 1 




I "1'"'1 I I I I 
~ eo ~ 50 cs .oo J5 
and (2) poly 
1 
0 p 
( 1 ) 
1 
( 2 ) 
:k b ~· ~~ 1 tb' ~· 
ppm 
obtained 
with AlEtCl2 in CH2Cl2 at 0 ~ (sample C): see Table 1 for 
designation of carbons. 
- 183-
2. Thermal Properties of the Polymers 
The OSC thermograms of all the polymers showed only glass 
transitions but not any endo- nor exotherm peaks attributed to 
LC phases. To determine 1 f there was any effect caused by the 
cooling rate on the thermal properties. a slow cooling rate of 
2. 0 •c /min in the DSC measurement was also applied to all 
samples. No transt tion peaks, however, were observed for the 
samples. and their DSC thermograms were identical with those 
obtained at the higher scanning rate (10 ~/min). The phenomenon 
that the poly did not show any LC phase is consistent with 
the following fact. That is. the low molecular weight LC 
compounds with 2, 6-disubs ti tu ted naphthalene ring gives lower 
isotropization temperature than the corresponding biphenyl 
compounds. because of the molecule's broadened structure 
against the long axis. 0 > 
The Tg's of the polymers taken from the second heating 
cycle ranged from 22 to 45 ·c. depending on their molecular 
weight, as shown ln Figure 3. As observed for other poly(vinyl 
ether)s with aromatic rigid pendants, which exh1bited no LC 
10 3 
10 
Mn or Mw (PSt) 
• 
Figure 3. Tg of poly I as a function of Mn and MW. 
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phase, for example, polymers from 2- ( 4-blphenyloxy) ethyl vinyl 
ether (Tg 
ether (Tg 
56~ ) 3 > and from 2-(4-blphenylcarboxyl)ethyl vinyl 
32 •c ) 3 >, introduction of a rigid-bulky isopropyl-
naphthoxy pendant group into a polymer chain also increased the 
Tg of poly(vinyl ether)s, in comparison with flexible alkyl 
groups in poly(alkyl vinyl ether)s (Tg = -33 ~ for ethyl, -49 ~ 
for propyl, and -56 ·c for butyl). 1 o> 
3. Sterle Structure of the Polymers 
The polymer's molecular weight was found to be controlled 
by the polarity of the polymerization medium (temperature and 
solvent polarity) as described above. To investigate if there 
was any effect of the polarity on the propagating species 
derived from the monomer 1 . the s ter ic s truetures of the 
polymers obtained by the different conditions were then 
compared by 13C-NMR spectroscopy . Figure 4 shows the main-chain 
methylene signals. which consist of t wo peaks corresponding to 
the meso and racemic diads from the higher field. 1 1 > 
The spectrum of the sample A [Figure 4(A) 1, obtained in 
nonpolar toluene solvent at 0 ·c. is similar to those of other 
samples c. E, and F [Figures 4(C). (E). and (F) J obtained in the 
higher polarity conditions. and all the samples had almost the 
same amounts of the meso and racemic diads. Poly (alkyl vinyl 
ether)s obtained cationically in a polar solvent were reported 
to be racemic - diad rich, where the active end should be highly 
dissociated. whereas that obtained in a nonpolar solvent had 
meso - rich diads. 1 2 " I 3) From the results that the polarity of 
the medium did not affect the steric structure of the polymer 
from 1 . it might be concluded that the propagating end derived 
from the monomer is rather dissociated irrespective of the 
solvent polar! ty through the intramolecular self-solvation of 

























44 40 36 
(ppm) 
44 40 36 
(ppm) 
Figure 4. Partial '~C-N"1R spectra ( main-chain methylene region 
of poly I . Polymerization temperatures. solvents and sample 
codes as indicated: sec Table 2 for reaction conditions. 
naphthoxy)ethyloxy pendant . as proposed by Higashimura for the 
poly(vinyl ether)s with polyoxyethylene pendants. 13> 
ln conclusion. a novel comb-like poly(vlnyl ether) having 
isopropyl-naphthoxy pendant with the well-defined molecular 
structure could be synthesized f rom the 
2-(6-lsopropyl-2- naphthoxy)ethyl vi nyl ether 
monome r of 
with AlELCl :.> 
catalyst. Although the polymer ' s molecular weight could be 
cont r olled by the polarity of the medium, it did not affect the 
steric structure at all. Unfortunately, the polymer showed only 
an amor phous character (Tg: 22-45 ~) but not any LC phase. 
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